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Abstract

The battery system plays an important role in renewable energy systems and electric vehicles.
Since the battery system consists of multiple series-connected cells, over-charging or over-
discharging can occur due to the heterogeneous characteristics of the cells. Thus, an effective
equalizer is essential to maintain the cells’ homogeneous performance, and thus extend their
lifespan. Energy regenerative equalization systems provide different advantages in terms of
capacity, speed, and efficiency. However, their performance depends on the initial energy
distribution of the cells. On the other hand, there is no unified assessment method to compare
the performances of equalizers. This thesis deals with the performance, effectiveness, and
flexibility of the modular battery system. The main purpose of the research in this thesis is
to develop a modular structure of the equalizer which can mitigate the inconsistency between
cells and modules.

Firstly, a switch-matrix capacitor equalizer (SMC-E) is proposed for transferring energy
between two cells directly. With the switch-matrix structure, a single capacitor is needed,
thereby reducing the size of the equalizer. In order to achieve the shortest equalization
time, an optimal pairing algorithm is introduced. The equalization process is divided into
the scanning step and the pattern-holding step. Because the voltage deviation between two
cells in the different pairs of cells is heterogeneous, their balancing currents are uneven. By
scanning all possible balancing currents from all cell pairs, the optimal equalization pattern
can be obtained, which has the highest balancing current. It is observed that only the pair of
the highest voltage cell and the lowest voltage cell can have the highest compensating current.
Thus, the optimal equalization pattern is the shortest way of transferring energy between
the cells. The optimal equalization pattern is maintained for a period, T}, before another
current scanning step is activated. The optimal equalization pattern changes dynamically

during the equalization process as the cell voltages change. By repeating the equalization



cycle, the energy is transferred between the cells as fast as possible. In addition, design
instructions for operational and circuit parameters are provided. The hardware experimental
results of the equalization verified the performance of the SMC-E in terms of equalization
capability, speed, and stability. The cell-inconsistency is mitigated in all test scenarios, even
if the energy distribution of the cells is different.

For a fair performance comparison for different equalizers in a short period of time, a
simulation method based on a unified average model (UA-model) is proposed. By counting
the amount of charge that flows out and into the cells, the equalization process of two-cells can
be emulated by the UA-model. Since switching elements are suppressed in circuits, simulation
based on the UA-model can be performed with a large sampling time, thus reducing the
overall simulation time. In comparison with the RTSS simulation, the operational profiles
of the UA and RTSS models have a homogeneous characteristics. The simulation method
based on the UA-model has advantages as a platform of evaluation to fairly compare the
performances of equalizers. The different equalizer topologies and designs can be tested under
different initial test scenarios within a short period. Therefore, the design of the SMC-E may
be evaluated and optimized.

The SMC-E can overcome the impact of initial energy distribution dependency, but the
equalization time becomes longer as the number of cells increases. Thus, the fundamental
analysis of equalizer performance at cell count is provided. To reduce equalization time, the
modular structure of the SMC-E is available for both serial and parallel connected modules.
In series-connected modules, the hybrid strategy is proposed to inherit the benefits of SMC-E,
where several SMC-E units are activated at the same time. Once the cell voltages inside each
module are equalized, the module equalization function is triggered to balance the module
voltages. After two separate processes, the voltages of all cells are equalized in a small gap.
The RTSS test results show a 13.5% shorter equalization time than the conventional method,
where a single SMC-E is implemented for the whole cell string.

In addition, the same modular SMC-E design is applied to parallel-connected battery
modules. In the parallel connection, the uneven distribution of current between the branches
and the inrush current during the hot swap process are serious problems. Thus, two
equalization strategies are proposed for SMC-E to address them in IDLE and non-IDLE

modes. In IDLE mode, the modules are balanced by the same energy exchange scheme as



the modules connected in series. On the other hand, the energy levels of the modules are
balanced during the charging or discharging processes by the current distribution scheme.
Based on the test results on RTSS, the modules are equalized in the 4.82% SOC difference
in the IDLE mode without the inrush current of the self-balancing effect. In addition, the
modules can be equalized within 1% SOC difference in the charging and the discharging
processes by the current distribution scheme. Thus, all modules are fully charged or fully
discharged at the same time. The inrush current during the hot swap process is also mitigated

since the branch currents can be adjusted by the SMC-E and the current distribution scheme.

xi
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Chapter 1

Introduction

To deal with the shortage of fossil fuels, transport is progressively electrified [1]. Energy
storage systems (ESS) using battery take an important role in the renewable energy system
and EVs, where the battery pack is the main power source in the EV or the emerging storage
system for the grid-tied energy storage system. In terms of the manufacturing and operating
costs, the battery system takes over 50% portions of the annual cost of the energy storage
system [2]. Thus, the battery system requires an efficient battery management system (BMS)
to ensure a high performance and lifetime.

Since the battery pack consists of multiple series and parallel connected cells, the dissimilar
performance of the cells is inevitable [3-5]. This chapter describes the common configurations
of the cells in the ESS and the impact of cell-inconsistency on their performance in Section
1.1 and Section 1.2. From Section 1.3 to Section 1.5, an overview of the battery management
system is reviewed and summarized. In addition, the performance indices and the level of

equalization for the battery equalizer are introduced. Finally, the disadvantages and the
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Fig. 1.1 Battery configuration in ESS: (a) nSmP configuration; (b) nPmS configuration.

problem of the conventional equalizers are identified, which highlights the research motivation

for this thesis.

1.1 Battery Configuration in EV and BESS

In general, the battery cells are assembled to form a group or brick. Next, the groups or bricks
are connected in series to form a module. Furthermore, the modules are connected in series to
increase the operating voltage [6]. For illustrative purposes, two common configurations of the
battery cells are shown in Fig. 1.1. The nPmS configuration in Fig. 1.1(a) is more popular
in EV due to its cost-effectiveness. Since the characteristic of the cells is screened before the
assembly, the similar characteristic cells are connected in parallel to utilize the self-balancing
effect. Thus, only one BMS is required for the whole system in nSmP configuration while

m BMS are needed in mPnS configuration. For example, the battery pack on the EV from
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(2) (b)

Fig. 1.2 Example of cell configuration in EV: (a) Pouch type; (b) Cylindrical type.

Hyundai company consists of 10 modules configured by 20S3P pouch-type cells as Fig. 1.2(a).
On the other hand, the battery pack on the EV of Tesla company divides the pack into
4 modules. The battery module consist of 24 bricks (groups), while a brick has 46 cells
[7]. To be cost-effective, thousands of cylindrical cells are packed as in Fig. 1.2(b). The
large-capacity battery system can be formed with a less parallel cell-inconsistency effect by
paralleling the small-capacity cells. It is because the impact of the characteristic mismatching
is partially dominated by the number of parallel connections. Besides, the manufacturing
cost is more efficient since the labor cost can be divided into a large quantity of cells.

In addition, the configuration of nPmS in Fig. 1.1(b) is more suitable for the large-scale
ESS in the grid-tied application, which requires a large-capacity and high-voltage battery
system. However, compared with the nSmP configuration, the nPmS configuration requires
more BMS, which increases the cost since individual cells can be monitored and controlled to
achieve the optimal performance and efficiency of the battery system. In nPmS configuration,
the battery racks are connected in parallel through the relays. The power distribution between
the racks depends on their operational conditions such as state-of-charge (SOC), impedance,

and state-of-health (SOH).
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Fig. 1.3 Battery configuration in telecommunication and datacenter applications.

By the same token, low-voltage battery modules are connected in parallel to enlarge the
system capacity as in Fig. 1.3. The relays or the contactors are utilized to dock the battery
modules to the DC bus based on their state conditions. To achieve the highest operation
effectiveness, the scheduling algorithms are applied to fully utilize the available capacity
of the battery modules. Besides, the cell-inconsistency can cause an inrush current in the
hot-swap application, where the battery modules are replaced and are suddenly docked to
the DC bus. The effect of the cell-inconsistency will be deeply analyzed in Section 1.2 of this
chapter and a modular equalization strategy is proposed in Chapter 4 to mitigate it.

In all configurations, the system performance is strongly dependent on the cell uniformity.
The cell inconsistency can lead the battery system to over-charging, under-charging, or
overload when the characteristics of the cells are different in terms of capacity, impedance,
and dynamic response. Performance mismatch is inevitable due to the material tolerance in

the manufacturing process. Although the characteristic of the cells is screened before the
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assembly [8, 9], the performance consistency is only guaranteed in the first few operating
cycles. Since the aging of the cells occurs under different patterns, the impact of the cell-
inconsistency becomes more serious. Thus, the BMS is required to monitor the performance
of the cells and protect the system in case of failure.

In another story, the significant growth of the EV fleet on the road also raises concerns
about how to deal with the retired battery packs from EVs. According to the United States
Advanced Batteries Consortium, the EV battery pack should be replaced when its capacity
is reduced to 70 % ~ 80 % [10] to ensure the operation range of EVs. The predicted retired

battery packs can reach 6 million packs per year [11] or 100-200 GWh [1] by 2030. The retired
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battery packs can become a significant burden to the recycling industry. Although battery
recycling is paid the attention to [12-14], the cost of labor is too high which prevents its
practical feasibility. In addition, the recycling efficiency of rare metals is not high, reducing
interest in the industry.

In view of the economic value, almost 80 % capacity of the retired battery pack is remaining
that can be reused for other purposes such as ESS for the power grid, UPS applications, or
small-scale electric vehicles. The reusing purpose is assessed and verified to be more beneficial
in the view of economic and environment [15-19], which is usually called second-life battery
(SLB) application. The concept of the SLB application is illustrated in Fig. 1.4, where the
retired battery packs are returned to the manufacturer through the after-service and repair
system. Next, the manufacturer detaches the cells inside the packs and classify them based
on their state conditions. In some cases, the whole retired battery packs are sent to the
market directly without the detachment to reduce the labor cost. Finally, the refurbished
cells/packs are assembled again to provide the services to the ESS application. It should
be noted that the cell characteristics becomes further mismatch compared to the new cells.

Cell-inconsistency will be discussed further in Section 1.2.
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Fig. 1.5 Cell-inconsistency in series connection: (a) Mechanism of the over-charging and
under-charging issue; (b) Thermal runaway effect of the cells.

1.2 Cell-Inconsistency and its Impact on the Performance of

the Cells

The characteristic heterogeneity, which is called cell-inconsistency, between the cells can lead
the entire battery system to be overcharged or undercharged. The cell-inconsistency appears
in different patterns in the series and parallel configuration. In this section, the impact of
the cell-inconsistency will be analyzed for both series and parallel connections of the battery

cells.

1.2.1 Cell-Inconsistency in Series Connection

The cell-inconsistency in the series connection can be vividly demonstrated in Fig. 1.5, where
the energy level of the cells is uneven due to the non-uniform aging conditions. Since the
operating current of the cells in a series connection is the same, the changing amount of
charge in the cell is also similar. Thus, some cells can be fully charged before the other

cells, or some cells can be fully discharged before the other cells. If the charging/discharging
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process is monitored by the terminal voltage of the entire pack, the system cannot recognize
the cell-inconsistency. If the charging/discharging process is continuously executed, the
high-voltage cell group can be led to overcharging and lowest-voltage cell group can be led to
under-discharging.

The mechanism of overcharging is described in [20-22], where the internal structure
of the cell breaks down a chain reaction. Firstly, the solid electrolyte interface (SEI) is
formed during the cell operation, which reduces the available capacity and increases the cell
impedance. Since overcharging/under-discharging occurs, the SEI layer is decomposed. The
metal in the collector is dissolved into an ion, and thus, the separator is shorted through
when the metal-ions are compound. Thus, the cell has an internal shorted, which will release
a lot of energy through the heat. Next, the heat is continuously accumulates inside the cell
and also affects the temperature of the adjacent cells in the pack. When the pressure inside
the cell is too high, the cell can be deformed and explored [23, 24]. Heat and fire from the
accident can start a fire in the adjacent cells and consequently in the entire pack as a chain
reaction. That’s why individual monitoring of the cells is required in the BMS to stop the
charging /discharging process when a cell voltage reaches the maximum/minimum thresholds.
Even if the cells are not caught in fire, the available capacity of the battery pack can be
reduced, and thus, the lifetime of the battery system becomes shorter. It means that if the
cell-inconsistency is not mitigated, the battery system must be replaced sooner than expected.
In this thesis, the equalization strategies for the modular BESS are proposed in Chapters 2

and 4 to mitigate the cell-inconsistency in the series connection.
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Fig. 1.6 Cell-inconsistency in parallel connection: (a) Equivalent circuit of parallel connected
battery module; (b) Equivalent circuit of hot-swap operation.

1.2.2 Cell-Inconsistency in Parallel Connection

The parallel connection of the battery modules is popular for telecommunication and data-
center applications. Although the characteristics of the modules are initially screened and
made similar, the operation current soon becomes dissimilar between the branches due to
the degradation of the cells. Even when the battery system is in idle mode, the circulating
current always exists between the parallel modules by nature. The equivalent circuit in
Fig. 1.6(a) illustrates the impact of the cell-inconsistency on the performance of the battery

modules. In this model, a module is modeled by a voltage source and a series impedance.
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Assume that the parallel battery modules are operated under a constant current, Iy, and

the currents in the branches are expressed as

Z1ly —Zolo =V =V,

Z1y —Z3I3=V1 = V3

(1.1)

lel - Zn-[n = Vl - Vn

II+IQ+I3+"'+I71:IO;
where Vi, Va,..., V,, are the open-circuit-voltage of the battery modules, respectively;
Z1, Zo,..., Zy is the internal impedance of the modules; Iy, Io,..., I, is the operation

currents of the branches. For an illustrative purpose, the operation currents of three parallel

battery modules are calculated by

_ I0Z2 73 Vi(Za+ Z3) = VaZsz —V3Zs
! Zo(Z1+ Z3)+ Z1 Z3 Zo(Zh+ Z3)+ Z1Z5
[ InZ1723 n Vo(Z1+ Z3) —ViZ5— V3 Zy (1.2)
27 Z1(Zy+ Z3) + Z2 73 Z1(Za+ Z3)+ ZaZy '
[ InZ1Z5 V3(Z1+ Z3) —ViZy — VaZy
s Zo(Zr+ Z3)+ Z1Zs Zo(Zy+ Z3)+ Z1Zs

It is observed from (1.2) that the operating current of the parallel branches is strongly
dependent on the battery impedance and OCV. Since the operating currents of the branches
are uneven, one or more battery modules must be operated by a higher current that may
can lead to an overload condition. Thus, there is always a battery group that has a

higher temperature than the others due to the inconsistency. By the same token of over-

10
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charging /under-discharging mentioned in Section 1.2.1, the short-circuit occurred in a branch
may short the entire parallel connection. Hence, the damage caused by cell-inconsistency in
a parallel connection can be more serious than that in a series connection.

On the other hand, the battery system of telecommunication and data-center system
should not be shut down, even during maintenance. Thus, hot-swap maintenance is utilized
to replace the battery modules will be very useful. However, the mismatch between the
newly replaced module and the existing modules is sometimes significant. In this case, a
pre-charging circuit consisting of the pre-charge switches and resistors [25] is not sufficient
to suppress the high inrush current [26]. The equivalent circuit in Fig. 1.6(b) represents
the mechanism of the inrush current in the hot-swap operation. The sharing current of the
branches is corrected with equation (1.1), where the existing modules have to be discharged
by the high current to charge the replaced module. It is observed that the inrush current
is maintained and uncontrollable as long as the energy levels of the parallel branches are
different from each other. Therefore, the cell-inconsistency in parallel connection should be

carefully handled to ensure the safety of the battery system.

1.2.3 Hardware Test Datasets for Cell-inconsistency

To discuss the issue of cell-inconsistency in more detail, it is necessary to access the aging
pattern of the cells. For this purpose, multiple cell samples are cycled in the same conditions,
which is set up as in Fig. 1.7. The battery cells are put into a heat chamber to emulate
the ambient temperature of the battery pack. Next, the cells are cycled under different test
sequences to obtain the operating parameters or the state condition of the cells during the

cycle test. According to the tests, various open source datasets are provided by the research

11
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Fig. 1.7 Experimental setup for the aging assessment.

community such as NASA [27, 28], Oxford [29], Berkeley [30], MIT [31], and more datasets
information is summarized in [32].

In [33], multiple samples of Kokam SLPB533459H4-740mAh are cycled by 1 C-rate in
40-degree Celsius ambient. The capacity of the cells is recorded every 100 cycles and the
capacity degradation of 6 cells is illustrated in Fig. 1.8(a). It is observed that the capacities
become dissimilar as the number of cycles increases. Meanwhile, the pattern of cell aging
is dissimilar even when the operating conditions are the same. The different aging pattern
occurs because of the material tolerance during the manufacturing process.

In fact, the cell-inconsistency is arbitrary and there is no common pattern in various
configurations and applications. In [34], the SOH levels of 34 retired battery cells (3.7V-32Ah)
are assessed after more than 2-years of actual operations. The capacity of the cells normally
shows the different aging patterns. Most of the cells have 80% to 95% SOH levels, while
some cells are strongly degraded at 60 %. Thus, the cell-inconsistency becomes more serious

during the operation of the battery pack, especially in second-life battery applications.

12
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Fig. 1.8 Aging pattern and its probability: (a) Capacity vs. number of cycles; (b) SOH
distribution of 34 retired battery modules in EV.

Stochastic and statistical approaches are applied to predict the characteristic difference
between the cells in order to mitigate the cell-inconsistency in a second-life battery applica-
tion. In [35-37, 34], numerous retired battery cells are screened to assess the characteristic
distribution. For the illustrative purpose, the distribution in terms of available capacity and
internal resistance (DCIR) for 50,000 battery cells (18650-3.7V /3Ah-20mf2) are presented

13
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Fig. 1.9 Distribution illustration for 50,000 Li-ion 18650 cells (3.7V-3Ah-20m ): (a) Available
Capacity; (b) DC resistance.

in Fig. 1.9 (a). In view of the capacity, the low-capacity or high-capacity cells take a small
portion of the distribution. However, the mid-capacity cells, which have a 20% difference of
capacity, take the majority of the distribution (95%).

Similarly, the distribution of the DCIR of the cells is shown in Fig. 1.9(b). For capacity
and DCIR, the distribution can be represented by a Weibull distribution. Based on the
distribution model, the state of individual cells can be approximated from the state of the
battery pack, thus, improving the safety of the battery system. In fact, homogeneity of
cell performance can be ensured by limiting the acceptable range of the capacity or DCIR
difference. However, the number of extruded cells becomes higher and requires a higher labor
burden to recycle them.

To recapitulate the impact of the cell-inconsistency on the battery system, the charging
and discharging processes of a 3S4P battery pack are accessed by a simulation platform. In
the battery pack, the mismatch of the capacity and DCIR of the cells is set to 20% randomly.
In addition, the pack is charged by the CC-CV 12.6V-10A method and is discharged by a
CC 10A load. The current and SOC profiles of the cells are illustrated in Fig. 1.10, which

show an unequal current sharing between the parallel branches. Consequently, the cells are
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Fig. 1.10 Impact of the cell-inconsistency: (a) un-equal current sharing of the branches; (b)
SOC mismatching during the operation.

not fully charged or fully discharged as Fig. 1.10(b), and thus, can cause the over-charging
or under-discharging issue if the processes are not terminated. Thus, the battery equalizer is
essential to mitigate the cell-inconsistency and improve the operational effectiveness of the

entire system.
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Fig. 1.11 Modular structure of the BMS in EV and BESS.
1.3 Overview of Battery Management System in EV and

BESS

In EV and BESS, a battery pack is divided into multiple modules. For each module, a local
BMS is used to monitor and balance the energy of the cells inside a module, as shown in
Fig. 1.11. The local BMS consists of a battery monitoring circuit, a balancing circuit, a
communication block, and a control block. Generally, the most part of the local BMS is
integrated into a BMIC chip, which significantly reduces the volume and cost of the local

BMS. A BMIC can monitor 12 or 16 series-connected battery cells and a few examples of
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Table 1.1 COMPARISON OF BMIC FEATURES.

Manufacturer Model No. of Channel Balancing Communication Measuring error | Temp. sensing channel
Analog Devices LTC6804 12 Passive Daisy Chain Iso-SPI 1.2mV 2
Analog Devices LTC6811 12 Passive & Active | Daisy Chain Iso-SPI 1.2mV 2
Infineon LLE9012DQU 12 Passive Iso-UART 78mV 5
STMicroelectronics L996963E 14 Passive Iso-UART 2mV 7
Texas Instruments | bq76PL455A-Q1 16 Passive & Active Iso-UART 3mV 8
Maxim Integrated MAX17823B 12 Passive Daisy Chain Iso-UART 5mV 2

commercial BMICs are summarized in Table 1.1 for a comparison. According to the number
of series-connected cells in the modules, the number of BMICs in the local BMS is determined.

Since the local BMSs are linked by the Daisy Chain ISO-communication, the global
BMS can read all operating parameters of the cells such as voltage and temperature. In
the global BMS, the state conditions of the modules or the pack are estimated to ensure
safety and the cell voltage and temperature are continuously monitored for failure diagnosis.
The global BMS can trigger the balancing function in the individual local BMS when the
cell-inconsistency inside a module is detected. While the equalization between the cells can
be ensured, module-to-module balancing is not guaranteed. In addition, the global BMS
can trigger the protection function on the power management system (PMS), when fault

conditions are detected on a module.

1.4 Battery Equalizer

As mentioned, the equalizer is utilized to balance the energy level of the cells in the series string,
and thus, to resolve the impact of cell-inconsistency issues. Various balancing techniques
with different topological configurations have been developed and can be classified into two

groups: dissipative energy scheme and regenerative energy scheme as shown in Table 1.2.
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Table 1.2 CLASSIFICATION OF BATTERY EQUALIZERS

Ref. Structure Equalization Scheme Target Objects Control Technique
[38],[39] Switched Resistor Dissipative Individual cell Governed
[40] Shunt MOSFET Dissipative Individual cell Governed
[41] Multiple Converters Regenerative Individual cell Governed
[42] Switch-matrix and Converter Regenerative Direct pack to cell Governed
[43],[44], [45] Multi-winding or Multiple Transformer Regenerative Any-cell to any-cell Autonomous
[46], [47] Switched Inductor Regenerative Adjacent cells Autonomous
[48] Switch-matrix and Inductor Regenerative Direct any-cell to any-cell Governed
[49] Switched Capacitor-Classical Structure Regenerative Adjacent cells Autonomous
[50] Switched Capacitor-Double-tiered Structure Regenerative Adjacent cells Autonomous
[51] Switched Capacitor-Chain Structure Regenerative Adjacent cells Autonomous
[52] Switched Capacitor-Star Structure Regenerative Any-cell to any-cell Autonomous
[53] Switched Capacitor-Reconfiguration Regenerative Adjacent cells Autonomous
[54], [55], [56] Switched Resonance Structure Regenerative Any-cell to any-cell Autonomous
Local BMS | | Local BMS |
B. B, B, B B, B,
y [ L ||_‘ y . I I
-+ -+ o | -+ . | . |
L w——— L A | —— AN A A
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Fig. 1.12 Dissipative energy scheme: (a) switched-resistor; (b) variable resistance using

MOSFET.

1.4.1 Dissipative Energy Schemes

The dissipative energy scheme has been widely accepted by the industry because of its
simplicity, simple control, and individual cell processing. Most dissipative energy schemes are
implemented by either switched resistor in Fig. 1.12(a) [38, 39] or MOSFET in Fig. 1.12(b)
[40]. By turning on the switch of the balancing circuit as in Fig. 1.12(a), the high voltage cells
are discharged by their resistor until the energy level of all cells is equalized. The switches are
easily integrated into the BMIC and the cell is discharged by the external resistor. However,

its energy efficiency is low due to the dissipative energy scheme. In addition, a cooling
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Fig. 1.13 Regenerative energy scheme group - Converter & Transformer type: (a) Individual
converter; (b) Switch-matrix converter.

system is essential when the balancing current is high for a high equalization speed. Since
the passive balancing method is integrated into the BMIC, the balancing current must be
limited to prevent the overheating issue for the IC. Thus, the equalization speed of the BMIC
based BMS is relatively low. On the other hand, the switch and resistor are replaced by a
semiconductor circuit, which serves as a variable resistor as in Fig. 1.12(b). By controlling the
gating voltage, Vs, the discharging current through the circuit can be regulated. Although
energy loss is reduced, it raises a safety concern when the cells can be shorted by the switch
and cause an accident. In addition, the dissipative energy scheme can waste the lifetime of

the cells.
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1.4.2 Regenerative Energy Schemes I - Converter Type

To improve the battery utilization, the converter based methods are utilized to transfer energy
between the cells. In Fig. 1.13(a), multiple isolated converters are used to exchange energy
between the cell and the entire series string individually. Therefore, the high equalization
capability, speed, and efficiency can be achieved [41, 57]. However, the isolated converter
is required to prevent the short circuit during the equalization process since the converter
output grounds are connected together. In addition, a complex measuring and control system
are required.

To save the space, a switch-matrix and a converter are used instead as shown in Fig.
1.13(b). By controlling the switch-matrix pattern, BMS can select a cell in the series string
to perform the charging or discharging process [42]. Depending on the cell inconsistency, the
switch-matrix pattern is changed alternately until the energy levels of the cells are equalized.
The switch-matrix converter method can play a similar role to the individual converter
method. However, the switch-matrix converter structure reduces the equalization speed
because only one cell can be processed at a time.

Actually, the converters in Fig. 1.13(a) and 1.13(b) can be implemented either by the
individual transformer [43, 44] and multi-winding transformer [45] as in Fig. 1.14(a) and
(b). Depending on the voltage difference between the cells, the duty ratio of the switches
is calculated to control the balancing current. The equalization operation is controlled by
a complementary pair of PWM signals and the energy is transferred between the battery
module and the cells autonomously. Although the volume is reduced, the number of windings
in a transformer is limited due to the limited window size of the core. Thus, it is difficult to

apply the multi-winding transformer for a large number of cells.
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Fig. 1.14 Regenerative energy scheme group - Transformer type: (a) Individual transformer;
(b) multi-winding transformer.

1.4.3 Regenerative Energy Schemes II - SET-E Types

The switched energy tank equalizer (SET-E) is a simplified version of the converter and
transformer based methods. The most popular representation is the switched-inductor
equalizer (SI-E), where an inductor serves as an energy carrier to exchange the energy level
of two adjacent cells [46, 47]. To equalize the voltage of all cells, the cascading or hierarchical
structures of the SI-E or the coupled-inductor are adopted [58, 59]. However, the volume
and cost still hinder their practical feasibility.

In terms of energy density, the capacitor can achieve a significantly higher energy density
with a smaller volume compared to the inductor [60] as in Fig. 1.16. Thus, the capacitor
can replace the transformer or inductor as an energy tank in the equalizers for downsizing.

Various topological configurations of the SC-E have been introduced in recent years with
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Fig. 1.15 Energy regenerative schemes II - SET-E types: (a) SI-E, (b) SC-E, (c) SR-E.

batch variants. In this thesis, the typical representatives of the capacitor based equalizer are
including classical structure [49], double-tiered structure [50], chain structure [51], and star
structure [52], respectively.

The SC-E type uses the same switching network structure, where two switches are attached
to a cell. Next, the capacitor network is docked to the middle of the switches, where a
capacitor is utilized to exchange the energy of 2 adjacent cells. By turning on and off the
upper switches and the lower switches alternately, the capacitors are charged by the higher
voltage cell in phase A, and the stored energy will be released to the lower voltage cell in
another phase autonomously. Observed that the amplitude and direction of the balancing
currents depend on the voltage difference between two cells, and thus, the balancing current
gradually decreases as the balancing is achieved. In the classical structure, energy must be
transferred through many intermediate steps if the highest voltage cell and lowest voltage cell
are located far away. In the double-tiered SC-E, more capacitors are added to the capacitor
network in order to increase the equalization speed, which can balance the energy of two

adjacent groups consisting of two adjacent cells. By the same token, four switches and one
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Inductor vs. Capacitor Energy Density
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Fig. 1.16 Energy density comparison of inductor vs. capacitor.

capacitor are added to the chain structure of SC-E. Because the energy of the first and
the last cells is exchanged through the additional circuit, the equivalent distance between
the highest voltage cell and the lowest voltage cell is reduced to half. On the other hand,
the star structure is introduced to reduce the number of capacitors in the equalizer. The
star network of capacitors serves as a rotary, which can autonomously transfer energy from
any-cell to any-cell. However, the number of balancing capacitance is reduced to half of the
other methods reducing the balancing current.

Although the SC-E only requires a complementary PWM signal pair to autonomously
process the equalization, the autonomously control strategy is also a critical disadvantage of
the SC-E types. Since energy is only exchanged between two adjacent cells, more and more
capacitors tiers should be added to increase the equalization speed. However, the additional

energy tier indirectly increases the energy loss and the cost of the equalizer. Thus, the
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1.5 Battery State Estimation and Monitoring

resonant technology is applied to improve the performance of the SC-E type. By the same
operating principle, an inductor is added in series with the balancing capacitor [56, 54, 55].
In the optimal design, the energy loss during the equalization process can be reduced. On
the other hand, the balancing capacitance and resonant inductance are small in the resonant
condition which reduces the size of the equalizer.

In summary, the generative energy schemes are more promising than the dissipative
energy schemes for cell equalization in terms of energy efficiency and lifetime. Although the
dissipative energy schemes are more popular in the industrial applications, the generative
energy schemes will gradually replace the dissipative energy scheme, especially in the SL-BESS

where a high-performance equalizer is required.

1.5 Battery State Estimation and Monitoring

In general, the cell characteristics are screened to sort cells in terms of available capacity
and DCIR. In addition, the cell voltage, operating current, and temperature are continuously
monitored by the local measurement circuits or BMICs. After that, the measured information
is sent to the global BMS, where the aging and state conditions of the cells/modules are
estimated. To assess the state conditions of the battery system, the SOC level, SOH level, and
remaining useful lifetime (RUL) are specially considered. Various state estimation methods
can be adopted for the battery system and can be classified into the Coulomb counting
method, the model-based methods, and the data-driven methods [61].

The Coulomb counting methods estimate the amount of charge that flows into or out of

the battery system during the operation based on the current measurement [62, 63]. The
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1.5 Battery State Estimation and Monitoring

initial capacity level of the battery system is stored for historical data and the capacity level

of the battery system is calculated by

t+AT

QUt+AT) = Q1)+ / i(7)dr. (1.3)

t

Hence, the SOC and SOH levels are presented as
soc(t+ar) = QLEAT)
Q full
t+AT
i(T)dr
=80C(t)+ —Lt—, (14)
Q full_at

SOH(t+AT) = Qg”@t, (1.5)

where Qi ar and Qpew are the actual capacity of the battery at this current state and
the design capacity of the battery. Because the operating current of the series cells is the
same, the Coulomb counting can be applied for the entire battery pack or module with a
pre-defined inconsistency distribution, mentioned in Section 1.2.3. However, the estimating
accuracy is strongly dependent on the precision of the current sensor. Therefore, the model
of the entire battery pack with consideration of cell-inconsistency is required to ensure the
accuracy of the state estimation.

On the other hand, model-based estimations such as the Kalman filter estimator and
their variant are good candidates to replace the Coulomb counting methods. Based on the
measured cell voltage, operating current, and cell temperature, the predicted voltage and
SOC can be estimated through the state space equations [64-68]. With a fast convergence

feature, the model-based methods can achieve a high estimation accuracy as well as low
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computation time. Thus, it is possible to apply the model-based estimations for individual
cells. However, the high-precision state space model is required for each cell to ensure the
estimation accuracy. Considering the cell-inconsistency and the different aging patterns, the
state space equation of the estimator must be updated during the operation of the battery
pack [69].

To mitigate the problem of the state space model accuracy in the model-based estimations,
data-driven methods have been recently adopted. From the basic operating parameters such
as cell voltage, operating current, and temperature, we can obtain the battery models, SOC
level, or SOH level of the battery pack [70-73]. Nevertheless, a huge dataset must be used to
train the estimation model, which requires a lot of computation resources. Thus, a high-speed
computation machine is needed to execute the estimation. When it comes into the estimation

for individual cells in the series string, the computation will become far more complex.

1.6 Performance Indices for Battery Equalizer

In order to have a unified performance assessment for various battery equalizers, various
evaluation criteria are presented in Fig. 1.17. Every criterion can be prioritized based on the
requirement of the applications. From an academic perspective, the equalization capability,
the equalization speed, and the performance stability will have a higher order of priority
than the others. Vice versa, the industrial field is more inclined to consider the cost and

volume of the equalizer. The definition of each evaluation criterion is described as follows:
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Equalization DoSE Equalization
Capability DoVE Speed

Evaluation Coulombic
Criteria Efficiency
‘ Scenarios
Dependency
& Number of Cells

Fig. 1.17 Various performance indices for the equalizer.

e Equalization capability is assessed based on the degree of SOC estimation (DoSE)

and degree of voltage estimation (DoVE). The DoSE and DoVE are defined by

ASOCinitial — ASOCtinal

F—
Dos ASOComa

(1.6)

and

A‘/initial - Avainal

DoVE = ,
A%nitial

(1.7)

where ASOC;nitiar and AVj,iia; are the initial SOC deviation and the initial voltage deviation

between the cells before the equalization; and ASOCy,q and AV, are the deviation
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Fig. 1.18 Slew rate of SOC and Voltage equalization: (a) SOC profiles of two equalizers with
their slew rate profile; (b) Voltage profiles of two equalizers with their slew rate profile.

levels after the equalization process. The higher the DoVE or the DoSE is, the greater the

equalization capability it will have. For example, if the cells are equalized within 20mV

voltage deviation and 2% SOC deviation after the initial difference of voltage and SOC are

250mYV and 30%, respectively, the calculated DoSE and DoVE are 93% and 92%, respectively.

e Equalization speed: To assess the equalization speed of the equalizer, the slew rate

of SOC equalization (SRy: mV/h) and the slew rate of the SOC equalization (SRsoc: %/h)

can be introduced. The slew rates are defined as

. A‘/;nzt - A‘/t

tproces S

SRy

and

ASOCinit — ASOC}

tprocess

SRsoc =

28
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1.6 Performance Indices for Battery Equalizer

where AV, and ASOC;,;; are the initial voltage deviation and initial SOC deviation
between the cells before the equalization; AV; and the ASOC; are the voltage deviation
and SOC deviation between the cells at t-th time point after a certain measurement time,
tprocess- Because the equalization speed of the equalizers can be varied at every instant,
SRsoc and SRy should be assessed periodically according to the SOC and Voltage deviation
profiles during the equalization process. For illustrative purposes, the operation profiles of
two equalizers and their calculated slew rate indices are illustrated in Fig. 1.18. Vividly, the
overall slew rate of both equalizers is almost similar but the slew rate after 1h shows the
superiority of the equalizer #1. In this case, equalizer #1 did most of the work just during
the first 1h, while the equalizer #2 needs more time to do the same task. Hence, equalizer
#1 is better than equalizer #2 in terms of the equalization speed.

eCoulombic Efficiency: Because the operations of the equalizers in the actual applica-
tions are different from each other, it is difficult to assess the effectiveness of the individual
equalizer. In addition, the operating waveform of the different equalizers is also heterogeneous,
and thus, there is no common calculation of the efficiency of the equalizer. In order to assess
the effectiveness of the entire equalization system, the Coulombic efficiency is adopted, which
is calculated based on the total changed charge of the cells after the equalizing process. The
operating principle of the SET-E has the same concept as shown in Fig. 1.19(a), where B
transferred a Qgischarge to the energy tank. In addition, energy tank transferred a Qcpqarge to
By in the opposite way, which reflects the equalizing process. Based on the SOC profiles of

the cells, the total changed charges of every cell, as shown in Fig. 1.19(b), are calculated by

dp. = (SOChk_init —SOCh_ finat) Qo (1.10)
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Fig. 1.19 Total changed charge concept: (a) charge transferring during the equalizing operation;
(b) Total changed charge of the cells.

where SOCyy,_init is the initial SOC levels of the cell before the equalizing process, SOChy  final
is the SOC level of the cell after the equalizing process, Qp is the actual capacity of the cell
at the currently condition. Since there is a loss on the equalizer circuit during the equalizing

process, Qcharge is less than Qgischarge, and thus, the Coulombic efficiency is expressed as

_Qeharge

. 1.11
Qdischarge ( )

NCou =

e Performance stability: Since the aging patterns of the cells are different and the energy
distribution of the cells in the series string is arbitrary, the equalizer must be implemented in
various test scenarios in term of energy distribution and numbers of cells. From many initial
scenarios, three typical equalization scenarios are illustrated in Fig. 1.20(a), (b), and (c),

respectively. In these cases, the initial energy of the cells has a descending, convex, or concave
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Fig. 1.20 SOC distribution of the cells in various scenarios: (a) Four cells in descending order;
(b) Four cells in convex order; (c¢) Four cells in concave order; (d) Eight cells in descending
order.

distributions. A good equalizer should have similar performance indices such as equalization
capability, equalization speed, and energy loss for all scenarios. On the other hand, the
number of cell also affect the performance of the equalizers. In Fig. 1.20(d), the energy
distribution of eight series cells is shown. When comparing the performance consistency, an
optimal topology can be selected. In Chapter 3, a case study is conducted to compare the
performance of various topological configurations.

e Component count, volume, and cost: there is a correlation between the component
counts, the volume, and the cost of the equalizer. Since the component counts of the equalizer
are high, the equalizer will have a large volume and high cost. It raises a requirement for the
developer to improve the equalization performance with cost and volume reduction. On the
other hand, a high-performance equalizer sometimes requires a high cost. Therefore, the cost

barrier can affect the decision of chosen topology configuration.
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Fig. 1.21 Inconsistency between the cells and groups due to the packing process.

1.7 Level of Equalization for the Battery System

The cell-inconsistency has a high impact on the performance of the battery system when
the number of cells is large. The inconsistency between the cells are the results of various
factors, including the initial energy level and the maximum capacity of the cell after the
manufacturing process, the packing process, and aging process.

e Due to the manufacturing tolerance of the cells, the impedance and the capacity of the
cells are dissimilar. In general, the difference in open circuit voltages between the cells is
approximately 50mV [74], and more in the dynamic condition.

e Although the manufacturing tolerance can be mitigated by the characteristic screening
process, the inconsistency is indirectly increased during the packaging process. As the cells
are connected in series and in parallel, the internal resistance of the connector and wiring
may cause another inconsistency between the connections. This mechanism is illustrated in
Fig. 1.21, where the resistance of the interconnecting wire can cause the mismatch in the
parallel-connected cells as well as in the series connected groups. Thus, the cell-inconsistency
can be more serious under dynamic operation conditions, although the cell open circuit
voltages are almost similar.

e If the operating conditions such as current and temperature of the cells are dissimilar,

their aging patterns also become mismatched and make the cell-inconsistency more serious.
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Fig. 1.22 Polarization effect of the battery during the discharging operation.

That’s why the cell-inconsistency of the cells in the retired EV is observed, although the
equalizer exists [3]. Thus, a high-performance and efficient battery equalizer is required to
prolong the lifetime of the battery system.

On the other hand, the polarization effect of the cell voltage exists during the operation
or balancing process. For illustrative purposes, the discharging process of a cell is shown in
Fig. 1.22. Immediately after the discharge current is applied to the cell, its voltage drops as
a result of the internal polarization impedance. When the discharge current is maintained,
the polarization capacitance is charged, and thus, the cell voltage is continuously reduced.
When the discharge current is removed, the cell voltage is gradually recovered until the
polarization capacitance is fully discharged. Since the polarization impedance of the cell is
large, the cell requires a lot of time to recover its steady state condition. Thus, the voltage

comparison-based balancing techniques sometimes cannot guarantee a complete equalization
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Fig. 1.23 Inconsistency and equalization level classification: (a) Level I: Cell-to-cell equal-
ization; (b) Level II: Module-to-module equalization; (¢) Level III: all cells in every module
equalization.

between the cells. It means that the inconsistency between the cells always exists and will
become higher at the module-to-module level.

Since the battery system is divided into various modules for better equalization and
management, the level of equalization also needs to be defined. In this thesis, the equalization
is divided into three levels as in Fig. 1.23. Equalization level I refers to the state where
the energy levels of every cell inside a module are equalized within a predefined level (Fig.
1.23(a)). Next, the energy levels of the modules are equalized but the cell equalization is not
considered at level II as in Fig. 1.23(b). Finally, level III refers to the condition in which the
energy level of every cell in every module is equalized within a predefined deviation as in Fig.
1.23(c). If the BMS is able to achieve the level I and level II simultaneously, level III can be
satisfied. In this thesis, various equalization strategies are proposed to achieve equalization
level I and level II for the battery system with multiple modules in the series as well as the

parallel.
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Fig. 1.24 Remaining problem of conventional structure of BMS: (a) impact of energy distri-
bution to the equalization; (b) complete block diagram of a BMS

1.8 Problem Identification

1) Obviously, as the generative energy schemes, the switched-energy-tank equalizers (SET-
Es) have more advantages than the dissipative energy schemes in terms of energy savings.
However, the performance stability of the equalizer under various numbers of cells or initial
energy contribution has not yet been fully considered. For example, the energy level of the
cells is distributed in a descending order as in Fig. 1.24(a), where the highest-voltage cell and
the lowest-voltage cell are at the opposite ends of the series string. Since most SET-E only
focus on balancing the energy of two adjacent cells, energy must be transferred through many
intermediate steps. Therefore, the loss of energy during the equalization and the executing
time are significant. That’s why it is essential to have an advanced equalizer that can directly

transfer energy from the high-voltage cell to the low-voltage cell.
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2) On the other hand, the modular structure of the battery system still has a potential risk
for inconsistency between the modules, although the cells inside each module are completely
equalized. Thus, an advanced equalizer topology for both cell and module levels is essential.

3) Unified evaluation indices, including performance stability, are essential for comparing
the performance of various equalizers. It can accelerate the development process when various
designs and configurations of the equalizers can be tested and compared at a fast speed.

4) The modular equalization strategies for both series and parallel connected battery
modules are required to ensure the safety.

5) To monitor the cell aging, a complex management circuit is required, as shown in Fig.

1.24(b), which increases the total cost of the BMS.

1.9 Objectives and Contributions of the Thesis

This thesis aims to develop the switch-matrix active equalization for modular battery energy
storage systems and to mitigate the cell-inconsistency with high performance in terms of
equalization capability, speed, performance stability, and efficiency.

Based on the research motivation, the thesis has presented the theoretical operating
principle and design consideration of the modular equalizer. The contribution of the thesis is
as follows:

e The SMC-E is introduced in terms of theoretical operation principle, equalization
strategy and control algorithm, and design considerations.

e A fast evaluation method is developed to compare the performance of various types of

equalizers in long-term operations.
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e The design of the SMC-E is modified for the series-connected module equalization. An
autonomous equalization strategy is proposed to balance the energy of all cells in the pack.
As well, the design considerations for the module levels are provided.

e The same SMC-E design can be re-utilized for the parallel-connected battery modules.
The proposed topology can mitigate the impact of the inconsistency between the branches.
Besides, the inrush current during the hot-swap process is also addressed.

e The proposed modular structures of the equalizer are implemented to verify the

performance by both simulation and experimental results.

1.10 Outlines of the Thesis

Chapter 1 introduces the configuration of the battery cell in the pack and the impact of the
cell-inconsistency on the battery system performance. In addition, the balancing techniques
are classified according to their operation scheme while the monitoring and protection circuit
of the individual cell is described. Hence, the technical limitation and disadvantages of the
conventional BMS are determined in the requirement for the BMS considering the aging and
cell-inconsistency. The performance assessment criteria are also introduced to systematize
the development of the equalizer.

Chapter 2 describes the topological configuration and the control algorithm of the
SMC-E unit to mitigate the cell-level inconsistency. In addition, a design guide is provided
to ensure the performance of the SMC-E.

Chapter 3 introduces two effective verification methods for the performance assessment
of equalizers. While the RTSS can emulate the equalization with high accuracy, the UA-

model-based simulation can assess the long-term equalization in a short time.
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Chapter 4 is the extension of the SMC-E unit for the series and parallel connected
modules to achieve equalization level II and level III. The topological configuration and
balancing strategies of the modular equalizer network are introduced.

Chapter 5 concludes this thesis and suggests several topics related to the BMS.
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Chapter 2

Switch-Matrix Capacitor Equalizer

for Cell Equalization

To mitigate the inconsistency at the cell level, the switch-matrix active equalization strategies
are proposed. In this chapter, an advanced topological configuration for the cell equalization
is chosen based on the requirement from Section 1.8. Next, the design consideration of the
switch-matrix capacitor equalizer (SMC-E) is presented and verified in Section 2.1. The
operating principle and control algorithm of the SMC-E is described in Section 2.1.1 and
2.1.2, respectively. In addition, the design consideration for the SMC-E is discussed in Section

2.2 and is verified in Section 2.3.

2.1 Proposed Switch-Matrix Capacitor Equalizer

To mitigate the inconsistency in cell level, the switch-matrix capacitor equalizer (SMC-E)
is proposed. Since the battery system is divided into multiple sub-modules, an SMC-E is

adopted to equalize the energy level of the cells inside a module. In addition, the switch-matrix
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2.1 Proposed Switch-Matrix Capacitor Equalizer

of the SMC-E is re-utilized to exchange the energy of the sub-module with other modules. In

this Section, the operating principle and design of the SMC-E are provided.

2.1.1 Topological Configuration and Equalization Principle

The proposed SMC-E consists of one switch-matrix to determine the route of energy flow, a
capacitor serving as the energy tank, and a sensing circuit to decide the switching pattern as
in Fig. 2.1. Before every equalization, a scanning step is executed to predict the location of
the highest-voltage cell and the lowest-voltage cell. Based on the scanned data, the optimal
pairing algorithm inside the BMS will decide on the optimal switching pattern to achieve the
highest equalizing speed.

By virtue of the switch-matrix, energy can be directly exchanged between any two cells
in the series string. The operating principle concept in Fig. 2.1(b) describes the energy
exchange of cell #1 and #3. The equalization capacitor is charged by the higher voltage cell
in Phase A. When the switching pattern is changed in Phase B, energy is transferred from
the capacitor to the lower voltage cell. The process is repeated in multiple cycles, and thus,
the energy levels of the two cells are equalized. The same procedure is applied to the other
cells to achieve the equalization condition for all cells.

Since the switch-matrix structure can deliver the energy from any-cell to any-cell directly,
both autonomous control and governed control methods can be adopted. However, in view of
the equalization strategy, the fastest strategy is to directly transfer energy from the highest
voltage cell to the lowest voltage cell. Therefore, a governed control method is chosen to
achieve the highest equalization speed and equalization capability.

The operation of the SMC-E is analyzed based on the equivalent circuit in Fig. 2.2.

For an instant, R; and Ry are the loop resistance including the wiring resistance, battery
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Fig. 2.1 Proposed Switch-Matrix Capacitor Equalizer: (a) Topology configuration ; (b)
Operation principle of one equalization cycle.

impedance, the ESR of the energy tank, and the on-resistance of the MOSFET. Denote that
7, (k=1, 2) is the time constant of the R — C circuit and v.(t) is the instantaneous voltage of

the capacitor. Thus, the instantaneous current in the cell #1 is expressed as

= RC, (2.1)

7 —vc(to) —t
= Texp(?l). (2.2)

Next, the amount of charge stored in the capacitor from the cell #1 is calculated by

t1
Qi = /t i (t)dt

0

—C (Vi = u(to)) (1-eon D1 ). (2.3)

fszl
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Fig. 2.2 Equivalent circuit of the SMC-E during the equalization

where fg, is the switching frequency of the switches, and D; is the duty cycle ratio of
the control signals in the phase A.
Similarly, the instantaneous current and the charge income of cell #2 are respectively

calculated by

To = RoC), (2.4)
in(t) = 2elf2) —Ve2 ) =) (2.5)
2 T2
t3
%mzéiﬂﬂt

2fsw7_2

— (e (t2) — Viza) (1 p—— )> ezp( ). (2.6)

fszQ

On the other hand, the time constant 71 and 7 are much larger than the period of
one equalization cycle. Hence, the theoretical waveform in Fig. 2.3 shows that the average

capacitor voltage is approximately equal to the average of two cell voltages.

D1Vp1+ DoVps

‘/;_avg = D1+ D>
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Fig. 2.3 Theoretical waveform of the SMC-E.

Assuming that Dy = Do, the average balancing currents of the cells #1 and #2 are calculated

by

Iavgl = Qinfsw

= Ot (Vi1 = Ve_avg) (1 e — ))

fszl

1 —-D
= §Cfsw (VB1 —VB2) (1 - ea:p(fszllC)> ;

Iavg2 = _Qoutfsw

= _Cfsw (Vciavg - VBQ) (1 - exp( _2D2 )) ex (

fsT2

= %Cfsw (V2 —Vp1) (1 —exp( —Ds )) ex

fszQC
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Fig. 2.4 Optimal pairing algorithm: (a) Control flowchart; (b) Timing diagram of the current

scanning process.

Table 2.1

BALANCING-CURRENT MATRIX

By By Bs ... By
B X [T12]  |I13] 11|
By |zl X | 123 [Ion]
Bz |[I13]  |I23] X PESS
X
By |Ln| |bn| |y| .. X

*X: not available.

2.1.2 Optimal Pairing Algorithm for Equalization Strategy

In general, the voltage of the cells is monitored by the BMIC circuits to decide the equalizing

strategy [75-80]. Since the BMIC-based monitoring system is compact and can monitor

multiple cells at the same time, the control algorithm for the SMC-E is simple. However,

the polarization effect during the operation and the electromagnetic noise can affect the

measurement value, and thus, can make the wrong decision for the equalization strategy. In
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2.1 Proposed Switch-Matrix Capacitor Equalizer

this Section, an optimal pairing algorithm is proposed, which only requires one current sensor
and replaces the BMIC circuit.

The optimal pairing algorithm is divided into multiple equalization cycles. In every cycle,
three main processes such as scanning-detecting, and equalization, are executed as in Fig.
2.4(a). Based on the equations (2.8) and (2.9), the amplitude of the balancing currents
depends on the voltage deviation between two cells. The higher balancing current, the higher
voltage deviation will be. In other words, the switching pattern of the highest voltage cell
and lowest voltage cell is determined through the scanning and detecting processes. For an
instant, the timing blueprint of the current scanning process is illustrated in Fig. 2.4(b).
Similar to a football league, the cell #1 and cell #2 form a pair, which is controlled by
the switching pattern #1. The switching pattern is held in a K-loop to get a steady state
balancing current, I12, and the measured current is stored into a balancing current matrix
as in Table 2.1. Next, all switches are turned off to let the cells recover their steady state
condition during, T, rr. Next, cell #1 continuously keeps the home-cell role and is paired
with the new away-cell, cell #3. By the same token as the first pair, the balancing current of
cell #1 and cell #3, I3, is obtained and stored. When the cell #1 is already paired with all
other cells, the cell #2 takes the role of home-cell and is paired with the other cells to scan
the possible balancing current. Finally, a full balancing current matrix is formed as in Table
2.1 after the last pair is scanned.

After the balancing current matrix is formed, a comparison algorithm is executed to
determine the optimal pair which results the highest balancing current, I,,;. The corre-
sponding switching pattern of the optimal pair will be set for the switch-matrix and is held

during Tj. After that, another scanning and detecting process is executed to redetermine
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2.1 Proposed Switch-Matrix Capacitor Equalizer

the optimal pair. Because the cell voltages change during the equalization process, the
optimal pair will be dynamically modified. When the optimal balancing current, I, is lower
than a predefined threshold level, the energy levels of the cells are regarded as equalized
and all switches are turned off. Due to the polarization effect, the battery voltage will
be recovered after the equalization is stopped. To ensure the equalization condition, the
scanning and detecting processes are periodically triggered to detect the cell-inconsistency
level. The equalization process for the optimal pair will be executed again when I,,; becomes
higher than the predefined threshold level. Because the scanning-detecting process can be
periodically executed in the background, the other processes of BMS such as monitoring and

protection are not disturbed.
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Fig. 2.5 Average balancing current and power loss of the SMC-E for two cells: (a) AV =300mV;

(b) AV =200mV; (c) AV =100mV.

Table 2.2 DESIGN PARAMETER SUMMARY

c fsw

Ri=Ry

AV

Parameter | 470uF ~ 4700puF | 500H z ~ 40kH 2

0.15€2;0.25€; and 0.52

300mV;200mV; and 100mV

2.2 Optimal Design Consideration for the SMC-E

To achieve high performance for the SMC-E, the circuit and operating parameters of the

equalizer must be analyzed in terms of component size and cost.

2.2.1 Switching Frequency and Equalization Capacitance

In the SMC-E, the switching frequency of the switches, the capacitance of the balancing

capacitor, and the internal resistance of the circuit have a high impact on the average

balancing current and energy loss. Thus, the average balancing current and loss must be

assessed first. While the average current is calculated by (2.8), the power loss is calculated

through the following procedure.
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2.2 Optimal Design Consideration for the SMC-E

e In the SMC-E, the balancing current waveform of the cells is almost pulsating. Under

this assumption, the average and RMS balancing currents are expressed as

Iowg = IoD, (2.10)

Irms = IoVD, (2.11)

where Dy = Dy = D is the duty ratio of the control signals, and I, is the peak value of the

pulse current. Hence, the ratio of the RMS current to the average current is calculated by

e :IRMS:IO\/E: 1
o Iavg IOD \/5

(2.12)

In addition, the switches require a deadtime period to prevent the short through, and
thus, the duty ratio is usually set by 0.45. Hence, the loss can be calculated as the measured
average current multiple by K, of 1.49. Therefore, the power loss of the equalizer during an

equalization cycle is calculated by

-Ploss = Kar(VBljavgl - VBQIcng)- (213)

The calculation is applied for three voltage deviation points (AV = 300mV, AV = 200mV,
and AV =100mV’), which represent the equalization condition of the cells. In addition, the
circuit and operating parameters are summarized in Table 2.2, where f4, is the switching
frequency; C is the balancing capacitance, and Ri-Rs are the internal resistance of the
equalizer. The results are illustrated in Fig. 2.5, which shows the impact of each design

parameter on the performance of the SMC-E.
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2.2 Optimal Design Consideration for the SMC-E

First of all, the amplitude of the average balancing current is strongly dependent on the
voltage deviation between two cells. The balancing current is significantly reduced when
the voltage deviation is lower than 100mV’, prolonging the equalization time. On the other
hand, the average balancing current is increased when C and fs have increased. However, the
increasing trend of the average current is almost saturated when C' and f, across 2000uF" and
10k H z, respectively. For illustrative purposes, the red dash line in Fig. 2.5(a) is used to mark
the rising curve of the average balancing current and its power loss. By considering three
design points such as #1: 1000 F —40kH z, #2 : 2000uF — 10k H z, and #3 : 4000pF — 10k H 2z
for R = 0.15) cases, the difference between the average currents are trivial. The same token
is found in the order cases of voltage deviation as in Fig. 2.5(b) and Fig. 2.5(c). On the
other hand, a large balancing capacitance, C, requires a high investment and circuit volume.
It means that increasing C' and fs to a high rate is an ineffective strategy to enlarge the
balancing current but only increases the cost and volume.

Secondly, the power loss of the equalization is assessed along with the average balancing
current. In fact, the energy loss during the equalization must be assessed but it can only
be calculated based on the operating profiles. Thus, the power loss is used to compare
the loss of various design options. According to Fig. 2.5, although the balancing current
is almost saturated, the power loss is significantly enlarged when f; across 10kHz and C
is higher than 2000pF. Since the average balancing current and power loss are directly
proportional, there is a trade-off between the equalization speed and the energy loss during the
equalization. The higher the equalization speed, the more energy loss will be, and vice versa.

By considering both average balancing current and power loss, four design combinations of
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2.2 Optimal Design Consideration for the SMC-E

C and fs are compared including design #1 —1000uF/10kH z, design #2 —2000uF/10kH z,
design #3 —2000uF/20kH z, and design #4 —4000uF/20kH z.

Furthermore, Fig. 2.5 also shows a dependence of the average current on the internal
resistance of the circuit. With the same design of C and fs, the average current is dropped
over 60% when R is changed from 0.1582 to 0.5 in all cases of voltage deviation. Since the
ESR of the capacitor takes up most of the internal resistance, the capacitor unit must be
optimized in terms of configuration and volume. The equalizer can achieve a higher current
just by reducing the internal resistance of the circuit, rather than increasing the equalizing

capacitance or the switching frequency.

2.2.2 Balancing Capacitance and Capacitor Size

According to Fig. 2.5, the internal resistance of the circuit has a strong impact on the average
balancing current. The internal resistance includes the on-resistance of the MOSFET, the
resistance of the wiring and connector, and the effective ESR of the capacitor. Since the
on-resistance of the MOSFET and the wiring resistance are almost fixed, the type of capacitor
and the number of parallel connections must be carefully considered. However, the voltage
rating of the capacitor is relatively low during the equalization application. Based on the
comparison of the capacitor types in Fig. 2.6, the candidates can be aluminium electrolytic
capacitors, tantalum capacitors, plastic film capacitors, and multi-layer ceramic capacitors.

Assuming the total capacitance and switching frequency are fixed as 2000 F and 10kH z
from the simulation, the number of parallel capacitors is decided based on the capacitance
of the single capacitor. For comparison, five design options of various capacitor types are
assessed, including a 10uF tantalum capacitor, a 10uF" MLCC | a 10puF film capacitor, a

10uF electrolytic capacitor, and a 100uF aluminum electrolytic capacitor. If the balancing
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Fig. 2.6 Capacitor type comparison.

capacitor unit is utilized for modular equalization, a higher voltage rating of the capacitor is
required. For example, a 50V rating capacitor is selected for a 4S1P battery string. However,
it restricts the choice of tantalum and MLCC capacitors due to the limited energy density
of the package from the manufacturer. The specifications for each option are summarized
in Table 2.3 for comparative purposes. Based on the the loss tangent tand of the capacitor

from their datasheet, the ESR of the capacitor is approximately calculated by

tand

e (2.14)

ESR =

o1
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Table 2.3 CAPACITOR SIZING-OPTION COMPARISON

Tantalum | MLCC | Film | Elec. #1 | Elec. #2
Cunit [WF] 10 10 10 10 100
Vrating [V] 50 50 50 50 50
tand 0.1 0.1 0.015 0.12 0.12
Parameter
flkHz] 10 10 10 10 10
of 1 cap.
ESRynit[mQ] 159 159 23.8 191.1 19.1
Volumeypit[mm?] 118.1 14 1320 43.2 72.2
Unit price [K RW]* 2,390 1,764 3,890 25 60
No 200 200 200 200 20
Parameter ESRcj fective MY 0.8 0.8 0.12 0.96 0.96
of N Cap. Total volume [mm?] 23,625 2,800 | 264,000 8,635 1,444.5
Total cost [K RW] 478,000 352,728 | 77,800 5,000 1,200

*Unit price is referred from Eleparts in October 2022.

o N is the number of parallel capacitors.

In addition, the number of parallel capacitor is calculated by

Ctarget
N = . 2.15
Cumt ( )

On the other hand, the impedance of the capacitor in parallel connection and its effective

impedance are expressed as

J

I = BSBm — 5 m=1,2,.., N (2.16)
m
1
4 e = . 2.17
effective = 7 1) Zo+ .. 4+ 1) Zy (2.17)

To simplify the calculation, the ESR and capacitance of the capacitors are assumed equal

(ESRy =ESRy=..=ESRN;C; =Cy=...=Cy). Thus, the effective impedance and ESR
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Fig. 2.7 Practical routing layout of parallel capacitors: (a) first-in/first-out; (b) first-in/last-
out.

of the parallel capacitors are obtained as

J

— ESR— 2.1
Z=BSR— 355, (2.18)
Z ESR J
Ze ective — 737 — - ’ 2.19
JFect N N 2NrfC (2.19)
ESR
ESReffective = real<Zeffective) = T (220)

On the other hand, the capacitor volume is calculated based on the standard dimension
from their datasheet and is summarized in Table 2.3. The price of the capacitor is referred

from the online website eleparts.co.kr in November 2022 based on 100 quantity MOQ. The
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2.2 Optimal Design Consideration for the SMC-E

comparative table shows that the tantalum and film capacitors can achieve a low effective
ESR but their volume and cost are too high to adopt. By comparing the MLCC with two
options of electrolytic capacitors, the MLCC achieves a 20% of lower ESR but the cost is
hundreds of times higher. Since the aluminium electrolytic capacitor has a long historical
development, various capacitance and voltage rating parts can be found on the market at a
low price. Therefore, 20 pcs. of 100uF aluminium electrolytic capacitors are connected in
parallel for the design in this thesis.

During the hardware prototype making, the layout configuration of the capacitor is
important. In general, the capacitors can be connected in parallel as first-in/first-out
configuration as in Fig. 2.7(a). In this case, the stored energy of each capacitor is not
homogeneous due to the parasitic resistance of the copper layer or the wiring. Thus, the
temperature of the capacitor #1 is always higher than the others. To resolve this issue, the
first-in/last-out configuration is recommended as shown in Fig. 2.7(b). In this configuration,

the current flows evenly through every capacitor and the wire resistance.

Switch-matrix and Gating Control

To mitigate the impact of the energy distribution, the energy must be transferred between
the highest voltage cell to the lowest voltage cell directly. Therefore, the switch-matrix
structure is utilized. Two structures of switch-matrix can be utilized for the SMC-E, which
are illustrated in Fig. 2.8. In the multiplexer structure in Fig. 2.8(a), two switches are
utilized to connect a cell to the energy tank, C. For example, the switches S1H and S1L
are turned on to connect cell #1 to the balancing capacitor, C, in a phase while the other
switches are turned off. In the next phase, the switches S1H and S7L are turned off while

the switches Sy H and Sy4L are turned on to dock the cell #4 on the energy tank. In this case,
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Fig. 2.8 Switch-matrix configuration: (a) Multiplexer structure; (b) Odd-Even structure.

there is an energy exchange between cell #1 and #4. In the multiplexer structure for N cells,

N(N —1)
2

2N switches and N control signals are required to generate combination patterns.

On the other hand, the odd-even structure in Fig. 2.8(b) turns on four switches in one
phase to connect the cell to the energy tank. For example, the switches S, So, Sp3, and Spy
are turned on in phase A to connect cell #1 to the capacitor, C. In phase B, the switching
pattern is changed as the switches Sy, S5, Sp1, and Spo are turned on while the others are
de-activated to connect cell #4 to the energy tank. In view of the components count, the
odd-even structure requires N + 5 switches. Thus, it can reduce N —5 switches compared
with the multiplexer structure when N is greater than 6. However, it requires N + 3 individual
control signals to control the equalizing operation, which increases the complexity of the

control algorithm. In addition, the odd-even structure make the internal resistance of the

circuit increase because there are four on-switch losses in one loop. By using equation (2.8)
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Table 2.4 SWITCH-MATRIX STRUCTURE COMPARISON

Structure Number of switches | Number of control signal | Number of activated switches
Multiplexer 2N N 2
0Odd-Even N+5 N+3 4
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‘{s

WM1

DGND

_wl_
‘{s

WA
‘{s
[+
VOV, ]
]

WM2

A1 GD

I IRy D

Fig. 2.9 Switch configuration and gating circuit

and (2.9) to calculate the balancing current, the odd-even structure has a lower current rating
than the multiplexer structure.

For an instant, the comparison of the multiplexer and odd-even structures is summarized
in Table 2.4. Since the control signal, including gate driver and PWM signals, takes more
cost and volume, the multiplexer structure is chosen in this research for a simpler control
circuit. In both structures of the switch-matrix, two MOSFETs are connected in back-to-back
to ensure the bi-directional blocking, and thus, prevent the short circuit of the series cells.
In addition, the floating ground for the gating circuit is required for every switch. Various
gate driver techniques can be adopted, but the pulse transformer-based and floating DC-DC
converter-based methods are two most popular techniques [81-83]. If the number of switches
in the SMC-E is high, the pulse transformer-based gating method is more preferred because
the floating DC-DC-based gate driver becomes expensive. The configuration of the switches

and the gate driver is illustrated in Fig. 2.9.

56



2.2 Optimal Design Consideration for the SMC-E

Sensor S11 74HC86
XOR
S12
S13 S11 —
s14 s21 —:D__ SiH &St
S12 — L sH&s
$22 — H &Sl
S13 —
N 74'ch238 S23 —1 . SgH & SgL
- N T s14_jD_
DT PWM 14 — SsH & S4L
CopD [sar s oo
m ) wp= | s22
| PWM '”_Egs vap— S23
- 9 cBs | sa4
Deadtime T PWM2 v =

Fig. 2.10 PWM signal extension for SMC-E.

Table 2.5 TRUTH TABLE OF SIGNAL EXTENSION FOR 4S1P BATTERY STRING

1C,-G1 I1C1—A0 | ICi—Al1 | ICh—A2| IC,—G1 | IC;—A0 | ICy—Al | IC;— A2 | PATTERN
PWM1 L L L PWM2 H L L #1 vs. #2
PWM1 L L L PWM2 L H L #1 vs. #3
PWM1 L L L PWM2 H H L #1 vs. #4
PWM1 H L L PWM2 L H L #2 vs. #3
PWM1 H L L PWM2 H H L #2 vs. #4
PWM1 L H L PWM2 H H L #3 vs. #4

Owing to the development of semiconductors, multiple MOSFETs can be integrated into
one package which helps to significantly reduce the size of the switches. In this thesis, dual
N-channel MOSFET NVMFD5485NL from Onsemi is used due to its low on-resistance and
high current rating. On the other hand, the 1:1:1 pulse transformer controls two switches by
a PWM signal. By virtue of the pulse transformer, the control signal is isolated from the
power line.

Furthermore, the number of PWM control signals increases as the number of cell increases,
but the common micro-controller unit (MCU) has a limited PWM signals. Since only two

PWM signals are activated in an operation, a signal extension circuit is utilized and is
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2.2 Optimal Design Consideration for the SMC-E

illustrated in Fig. 2.10. The signal extension consists of two demux IC groups to extend
two PWM signals to multiple signals. For example, two demux IC can be used for 4 to 8
battery cells, where the complementary PWM signal pair from MCU is connected to the G1
pins of the demux ICs as their enable signal. Next, the output signals from demux ICs are
merged by the XOR IC for each switch-pair in the switch matrix. As a result, only one cell
can be connected to the energy tank in a phase of equalization. The truth table of the signal
extension for a 4S1P battery string is summarized in Table 2.5. The more series connection
there is, the greater required number of the demux IC will be. In this case, the demux and
XOR ICs can be easily replaced with an FPGA chip, which significantly reduces the size of

the extension circuit.

Current Sensing Circuit and Measuring Algorithm

Current sensing is an important part of the SMC-E when the measured current is utilized to
predict the optimal pair. According to [84, 85], the most popular current measuring methods
are known to use the shunt resistor and hall sensor as in Fig. 2.11(b) and Fig. 2.11(c). The
shunt resistor-based method has a high accuracy due to its high bandwidth. However, the
resistance of the shunt resistor can increase extra resistance to the circuit, and thus, reduce
the balancing current. Furthermore, isolation is required for the pre-amplifier circuit since
the ground reference of the current sensor changes according to the switching pattern. In
contrast, the Hall sensor inherently isolates the ground of the sensing circuit from the power
line of the SMC-E. In addition, the internal resistance increment when using a Hall sensor
is also trivial. The critical issue of the hall sensor is its limited bandwidth, although some

high-bandwidth integrated hall sensors can be found in industrial applications. However,
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Fig. 2.11 Sampling diagram and current sensing circuit: (a) Sampling diagram; (b) shunt-
resistor-based measuring method; (c¢) Hall-sensor-based measuring method.

since the optimal pairing algorithm requires only an average current instead of the high
bandwidth waveform, Hall sensor can be a reasonable choice.
Due to the inconsistency between the cells, the shape of the current waveform of two

different pairs can be heterogeneous as in Fig. 2.11(a). Thus, the sampling frequency of
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Fig. 2.12 Operation waveform of the SMC-E: (a) Design #1 —1000pF/10kH z; (b) Design
#1— 4000 F/20k H 2.

the current measurement must be at least 8 to 10 times faster than the switching frequency
of the equalizer. In Fig. 2.11(a), the current is measured at four points in phase A, when
N =1, 2, 3, 4, and the average value of the measured current will be recorded to the
memory. When the switching pattern is just changed, the measured currents from the first
few equalization cycles should be ignored to let the balancing current reach the quasi-steady
state. The cell-pair, which has the highest average current, will be assigned as the optimal

pair and the corresponding switching pattern is decided.

2.3 Experimental Verification

To verify the performance of the SMC-E, a prototype for 4S1P battery string is built. Firstly,
the optimal design will be assessed to verify the theoretical analysis. Next, the optimal

pairing algorithm will be executed under various scenarios.
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2.3.1 Design Verification

The equalization is executed for two cells, which have the voltage deviation is 320mV
(V1 =4.163V; V, = 3.843V). Four design combinations are assessed including: design #1 —
1000pF'/10kH z, design #2 —2000uF'/10kH z, design #3 —2000uF/20kH z, and design #4 —
40004 F'/20k H z. The internal resistance of the circuit including the battery internal resistance,
the ESR of the capacitor, the on resistance of the MOSFET, and the resistance of the wiring
are measured and calculated. The total resistance of the loop is 0.452 and the operation
waveform of the design #1 and #4 is shown in Fig. 2.12. The balancing currents of the four
cases are 193mA, 206mA, 212mA, and 224mA, respectively. In comparison with the balancing
circuit in the theoretical analysis, the difference between the calculation and experiments is
approximately 5%. Hence, the design equation in Section 2.2 is verified.

Based on the results, the impact of the switching frequency and the equalization ca-
pacitance on the balancing current is considered. Although the capacitance and switching
frequency of design #4 are much higher than design #1, the difference in balancing current
between the two designs is trivial due to the high internal resistance of the circuit. It means
that the design of the capacitors and PCB layout to minimize the internal resistance of the
circuit is more critical than increasing the balancing capacitance and switching frequency.

Furthermore, the SMC-E is implemented for 2 Li-po pouch cells (SK60 3.6V /60Ah).
Compared to the cylindrical cells, the pouch cells have a much lower impedance (1mSf2). The
circuit parameters of the SMC-E are designed as 2,000 F /20kH z. The capacitor current
and voltage waveforms are shown in Fig. 2.13. In the experiments, the cell voltages in two
cases are 3682mV — 3582mV and 3682mV — 3432mV, respectively. Vividly, the operating

waveforms of the SMC-E are similar to that of the cylindrical cells. With the same design,
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Fig. 2.13 Capacitor Current and Voltage waveform of SMC-E with Li-po pouch cell: (a)
AV =100mV; (b) (a) AV =250mV .
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Fig. 2.14 Equalization current of SMC-E at various voltage deviation levels .

the equalizing currents of the SMC-E are measured at various levels of voltage deviation as

in Fig. 2.14. Since the internal impedance of the pouch cells is lower than the cylindrical

62



2.3 Experimental Verification

Current sensor
& Capacitors

Fig. 2.15 Experimental Setup of SMC-E for four 18650 cells (3.6V-2.6Ah).

cells, the SMC-E can achieve a higher equalization current in the case of the pouch cells.

Thus, the SMC-E can be applied to both cylindrical and pouch cells.

2.3.2 Performance Assessment

To verify the performance of the SMC-E, the optimal pairing algorithm is implemented
in the hardware prototype. The switches are controlled by a DSP (TI-TMS320F28379D)
and a signal extension circuit. The experiment setup is shown in Fig. 2.15, where the
design #3 —2000uF — 10k H z is implemented and the cell voltages are recorded by a data
logger (Hioki-LR8402-20) during the equalizing process. Next, the recorded data is plotted
to assess the performance of the SMC-E. To observe the optimal pairing algorithm, the
current and voltage of the capacitor is measured by the oscilloscope at 640ms/div time base

while the detail waveform presents the actual value at 20us/div time base. To emulate the
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Fig. 2.16 Current and voltage waveform of the capacitor: (a) one equalization cycle-Timebase
640ms/div; (b) scanning waveform of two cell-pairings-Timebase 20us.

cell-inconsistency, the cells are fully charged, and then, are discharged at the predefined
voltage levels. The initial voltage of the cells is summarized in Table 2.6.

The waveform in Fig. 2.16 represents the optimal pairing algorithm, where one equalization
cycle is divided into two sub-processes. The balancing current of every cell-pair is scanned
one-by-one to detect the optimal pattern. Therefore, the optimal pattern is maintained
for a holding time for the energy exchange between the optimal cell-pair. Because the cell
requires a long time to change its energy level, the holding time can be much longer than
the scanning time without affecting the performance of the SMC-E. The total time for the
scanning process is about 500ms, and thus, the holding time is set at 1 minute. Moreover,
the long holding time can allow the other cells to recover the steady state voltage level, and
thus, can increase the balancing current in the next cycle.

During the hardware experiments, only the voltage of battery cells can be recorded.

Therefore, it is difficult to assess the DoSE and energy loss. Assuming that there is no loss
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Fig. 2.17 Voltage profile of the cells in: (a) Case 1; (b) Case 2; (c) Case 3.
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Table 2.6 EXPERIMENTAL RESULTS-BATTERY VOLTAGES (mV)

Cell #1 Cell #2 Cell #3 Cell #4 || Vi, | AV

Initial #1 4000 3900 3910 3820 3905 180
Exp. #1 3920 3900 3900 3895 3903.75 || 25

Initial #2 3900 4010 3940 3840 3922.5 || 170

Exp. #2 3910 3910 3905 3890 3903.75 || 20
Initial #3 3900 3830 3760 3930 3855 170

Exp. #3 3840 3840 3810 3850 3835 40

during the equalization, the cell voltages will be equalized to the average cell voltages at
the initial condition. In the actual experiments, the average voltage after the equalization is
lower than the initial average level due to the loss. Thus, the deviation of the average voltage
of the cells before and after the equalization represents the loss. In this case, the voltage loss

is calculated by

N

Vavgibefore = N (221)
N
1V
Va'ug_after = Zk_l ]\l;_afterf (222)
A‘/avg = Vavgibefore - Vavgiafte’r‘ (223)

The results in Table 2.6 show that the voltage of the cells in three cases are equalized
within 25mV after 3h of the equalization process in case #1 and case #2. On the other
hand, the SMC-E requires more time to equalize the cell voltage within 40mV since the
initial cell-inconsistency is difference to case #1 and case #2. The calculated DoVE index
of the SMC-E after the equalization in all cases is 86%, 88.23%, and 76.47%, respectively.
In addition, the voltage profiles of the cells in Fig. 2.17 show the relatively homogeneous

performance of the SMC-E. Since energy is exchanged between the highest voltage cell and
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lowest voltage cell directly, the equalization speed is high from the beginning. The slew
rate of voltage equalization of the SMC-E under three cases are 51.67muv/h, 50mv/h, and
32.5mwv/h, respectively. When the voltage level of two higher-level cells or two lower-level
cells becomes almost equal to each other, the switching pattern is alternately changed to
maintain the equalization between them. Furthermore, the balancing current is reduced since
the voltage deviation between the cells decrease. Vividly, the performance of the SMC-E
follows the mechanism, described in Fig. 3.11 of Section 3.2.2. Therefore, it verifies the
theoretical operation principle of the SMC-E. In addition, the final average voltage of the
cells is lower than the initial average voltage level. From the experimental results, the voltage

drop after the equalizing process is approximately 20mV.

2.4 Conclusion of the Chapter

This chapter introduced a step-by-step development and design of the SMC-E to mitigate the
cell-inconsistency. Based on the theoretical analysis, the switching frequency and balancing
capacitance are selected for the fast equalization speed with a consideration of the power
loss reduction. In addition, the design considerations for the balancing capacitance, the
switch-matrix structure with the gate driving methods, and the current sensing scheme are
discussed.

The performance of the SMC-E is verified by hardware experiments. In all test scenarios,
the SMC-E always show a high performance in terms of equalization capability, equalization-
speed, and stability. The optimal pairing algorithm performs effectively to overcome the

impact of the initial distribution scenarios.
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Chapter 3

Novel Simulation Techniques for the
Performance Assessment of SET-E

in Long-term Operation

Since various equalizer topologies have been introduced in recent years, choosing a suitable
equalizer for the cell level is difficult. For a fair comparison, the equalizer hardware need
to be made and implemented for the same battery string under the same homogeneous
conditions. However, the hardware-based comparison requires a lot of investment and time,
which slows down the development process. Furthermore, it is not guaranteed that the
homogeneous conditions can be achieved in all test scenarios due to their material tolerance.
Thus, simulation-based comparisons are more attractive. In this chapter, two effective
performance assessments are introduced to compare the performance equalizer during entire

equalizing process.
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3.1 Real Time Simulation System

3.1.1 RTSS Platform

Among the active balancing methods in the generative energy schemes, the switched-energy-
tank equalizers (SET-E) have many advantages. The most popular SET-Es are the switched-
inductor equalizer (SI-E), the switched-capacitor equalizer (SC-E), the switched-resonance
equalizer (SR-E), and the switch-matrix capacitor equalizer (SMC-E). In all variants of
SET-E, their energy exchange is based on the charge transfer operation between the cells
and an energy tank as the carrier. In addition, the operation of the SET-Es requires a high
switching frequency to achieve high performance. Furthermore, the equalizing process is
long because the equalizing current is much lower than 1C-rate of the cells. Therefore, the
conventional simulation tools such as PSIM, Plecs, and Matlab requires a long execution time
to finish the long-term operation of the equalizers due to the limited computation capability
and memory of the PC.

To overcome the inherent limitation, the capacity of the cells can be scaled down many
times with the aim of reducing the execution time. However, the capacity scaling down
also changes the open-circuit-voltage (OCV) versus SOC characteristic of the cells, which
makes the operation of the SET-Es different. For illustrative purposes, the simulation results
of the SC-E under two scenarios, including the original capacity setting and the 10 times
scaled-down case, are shown in Fig. 3.1. In this test, the circuit and operation parameters are
set to be the same in both scenarios. It is clear that this capacity scaled-down significantly
reduces the equalizing current, and thus, it changes the result of the entire equalizing process.
Thus, it is necessary to transform the simulation results of the scaled-down case to that of

the original model.
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Fig. 3.1 Voltage and current of the SC-E during: Original capacity setting; (b) 10 times
scaled-down of capacity.

On the other hand, the real-time simulation (RTSS) based on the hardware-in-the-loop
(HIL) equipment such as Typhoon HIL, RT-Box, or OPAL-RT is the viable alternative
[86, 25, 87]. With a strong computation capability, the RTSS can simulate the switching
model of the SET-Es accurately and no capacity scaled-down is required. In this thesis, the
battery model and the SMC-E are implemented by a RT'SS (Typhoon HIL 602+ ).

By virtue of high computational capability, the RT'SS can emulate the switching model of

the equalizer directly as in Fig. 3.2(a). The existing model of battery cell on RTSS provides
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Fig. 3.2 RTSS platform setting: (a) Circuit model on RTSS; (b) SCADA platform for result
monitoring.

various models with customization feasibility. Thus, various test scenarios can be set for the
performance comparison. In addition, various equalizing strategies can be embedded in the

C-function block. After the model is downloaded to the HIL, the SCADA platform on RTSS
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Table 3.1 EXPERIMENTAL RESULTS vs. HIL RESULTS-BATTERY VOLTAGES (mV)

#1 #2  #3  #4 | AV
Initial 3808 3825 3760 3912 | 152

Exp. 3823 3823 3814 3844 || 20

HIL 4 cells | 3826 3823 3820 3839 | 19

provides a real-time visualization of the test results. The test results including cell voltages,
SOC level, operating current, and calculated parameters can be recorded for illustration in a
future process. During the real-time operation, the operating mode and operating setting

can be changed for the test of hot-swap scenarios or the test of fault conditions.

3.1.2 Performance Verification

The RTSS can be implemented to verify the performance of the equalizer in real-time. First
of all, the accuracy of the battery model and the design of the equalizer can be assessed by
comparing the hardware experimental results with the results on RTSS. Both hardware-based
experiments and RTSS tests occurred under the same initial conditions, which are summarized
in Table 3.1. The circuit parameters of the SMC-E are similar to that of the design in Chapter
2. The recorded voltage profiles from the hardware experiments and RTSS tests are illustrated
in Fig. 3.3 for comparison. Vividly, the voltage profiles in the two platforms are nearly
similar to each other since the model on RTSS and the actual characteristic of the hardware
are the same. Thus, RTSS-based simulations can be utilized to assess the performance of the
equalizers.

Furthermore, the RTSS provides a customization feasibility in terms of circuit design and
initial condition of the battery cells. Thus, the equalizers can be tested under various test

scenarios with a fair comparison. For example, the same SMC-E is implemented for 651P
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Fig. 3.3 Voltage profile comparison: (a) the experimental results; (b) HIL test for 4 cells.

battery string in three different scenarios, where the initial energy of the cells is distributed

in descending order (scenario #1), convex order (scenario #2), and concave order (scenario

#3) as in Fig. 3.4.

The corresponding SOC and voltage profiles of the cells under three scenarios are illustrated

to assess the performance of the SMC-E. It is observed that the performance of the SMC-E

unit is similar under different energy distributions. Although the SMC-E unit in 6S1P cells

requires a longer equalization time than in the 4S1P cells, the time increment to achieve

10% SOC deviation or 100mV voltage deviation is small. Thus, the influence of cell numbers
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Fig. 3.4 Initial energy distribution: (a) Scenario #1: Descending order; (b) Scenario #2:
Convex order; (c) Scenario #3: Concave order.

on the performance of SMC-E is weak. Based on the operating profiles, the performance
indices of the SMC-E are calculated and summarized in Table 3.2. It is observed that the

performance indices of the SMC-E are high in all test scenarios where the DoSFE is higher
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Fig. 3.5 SOC and Voltage profiles of the cells in: (a) Scenario #1; (b) Scenario #2; (c)
Scenario #3.

Table 3.2 SUMMARY OF PERFORMANCE INDICES

Charge transfer Additional Initial voltage
DoSE[%| | DoVE[%] | SRsoc|%/h] | SRy [mV/h)
scheme sensing distribution dependency
SMC-E | 89~90.6 | 92.3~93 17.3~18.1 154.7 ~ 178 Direct 1-to-1 One current sensor ‘Weak

*N: number of series connection;

than 89%, DoVE is higher than 92.3%, and the slew rate of SOC and voltage are over 17.3%/h
and 154.7mV/h, respectively. It means that the SMC-E unit can effectively mitigates the
inconsistency for cell-level in the battery system.

Furthermore, the RTSS can be used to assess the performance of the SMC-E in non-IDLE
mode. The same design of the SMC-E is implemented for a 4S1P battery string (3.6V-2.9Ah)
and the SMC-E is activated while the cells are simultaneously cycled by a sequence as in
Fig. 3.6. The cell voltages, SOC levels, and operating current profiles are illustrated in Fig.

3.7. Vividly, the equalization process is executed simultaneously with the cycling process.
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Fig. 3.6 Cycling sequence for 4S1P cell string.

After 3 cycles, the cell voltages are equalized within 50mV of voltage deviation and 4% of
SOC difference. However, the cooperation between the cycling process and the equalization
process should be carefully monitored to prevent the overload condition for the cells. The
current profiles in Fig. 3.7 (c) show a high operation current of cell #1 and #4 in the first
cycle due to their high equalizing currents.

In summary, the RTSS is a powerful evaluation platform to verify the design and the
performance of the equalizers. When the model on RTSS is similar to the actual hardware,
the equalization process can be emulated with high accuracy. In addition, various data can
be recorded during the equalization of the RTSS, and thus, more evaluation criteria can be

assessed.
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3.2 Unified Average Model based Simulation

Although the RTSS based simulations have high accuracy and performance, the RTSS is
expensive and has a limited computation core. Furthermore, a second execution time in
RTSS reflects a second in the real process, and thus, the execution time of the RTSS for the
long-term operation takes a lot of time. Imagine that a 1A constant current equalizes 100 Ah
battery cells, days of execution time are required to finish a single process, and more time is
essential for the multiple test scenarios. That’s why an alternative simulation method that
can simulate the long-term operation of the equalizer with a short execution time is essential.

From the perspective of the power electronics, the switching operation can be replaced
by the average models for the simulation of the long-term operation [88]. Furthermore, the
topological configuration that have a similar operating principle will have the same average
model. Although the conventional studies of the dedicated models for the individual topology
exist, a versatile average model should be developed to fairly compare their performance
under different scenarios with a fast execution time. In this Section, a unified average model
(UA-model) is proposed to emulate the equalization process of the switched energy tank
equalizers (SET-Es). The UA-model can be used to compare the equalization performance

as well as verify the design of the equalizers in a short time.

3.2.1 UA-model: Operating Principle

In this section, four equalizer configurations are considered, including the SI-E, the SC-E,
the SR-E, and the SMC-E as shown in Fig. 3.8. The performance comparison between the
equalizers aims to derive the suitable topological configuration or design of the equalizers.

Even if the circuit configurations of the equalizer are different, their energy exchange follows
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Fig. 3.8 Operating principle of various equalizers: (a) SC-E, (b) SR-E, (c¢) SI-E, (d) SMC-E.

the same scheme. Assuming that the cell #B; has a higher energy level than the cell #Bs,
an equalization cycle is divided into two phases.

e Phase A: in Fig. 3.8(a), (b), and (c), the switches S1H and SaH are turned on, and
thus, the energy tank is charged from #B;. By the same token, the switches S1H and S1L
are activated for the SMC-E as in Fig. 3.8(d). In the sense of average, the energy tank is
charged by an average equalization current, I,yg1.

e Phase B: the switching pattern is inverted to transfer the energy from the energy tank
to cell #By. In Fig. 3.8(a), (b), and (c), the switches S;L and S2L are activated while the
other switches are turned off. Similarly, the switches SoH and SzL of the SMC-E in Fig.
3.8(d) are turned on to do the same task. Approximately, cell #Bs is charged by an average
current, Igyg2.

By repeating the process, the energy is gradually transferred from the high-voltage cell to
the low-voltage cell. Energy can be exchanged autonomously or is governed by the control

algorithm.
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Fig. 3.9 Average model evolution of SET-Es: (a) Equivalent circuit based on the operation
principle, (b) Conventional equivalent resistance model, (¢) UA-model.

The operating principle of the equalizers can be represented by the equivalent circuit as
in Fig. 3.9(a). Typically, the loss model of the switched-energy-tank converter is analyzed.
Based on the approximate loss model [89, 90], the SET-E can be emulated by an equivalent

resistance, Rgq, as Fig. 3.9(b) [91, 92]. In the Rpg model, the equalizing current is calculated
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3.2 Unified Average Model based Simulation

based voltage difference between two cells. However, since the balancing process of SET-Es
has a non-linear characteristics, the equivalent resistance model fails to accurately reflect
the balancing process. Thus, the simulation results become dissimilar to the actual results.
In fact, the equalization is performed by the amount of charge that flows into or out of two
cells. In the UA-model shown in Fig. 3.9(c), two controlled-current sources are utilized to
emulate the energy exchange.

The main idea of the UA-model is to identify the average amount of charge that flows
into or out of the cell during the equalization process. The average current is formulated for

various balancing schemes as follows.

3.2.1.a Switched-Capacitor Equalizer (SC-E) and SMC-E

In Section 2.1.1 of Chapter 2, the operating principle of the SC-E and the SMC-E was

analyzed. According to the analysis, the average current of the cells are expressed as

1 -D
Iavgl = §Cfsw (VBl - VBZ) (1 - eﬂfp( fszllc)> > (31)
_1 N —epn(— P2 L
Topgo = §Cfsw (V2 —Vp1) (1 exp( fsz2C>> exp(zfszQC). (3.2)

By applying (3.1) and (3.2) to the UA-model in Fig. 3.9(c), the equalizing process is
emulated. In addition, the direction of the equalization currents, I,,g1 and I.g2, is decided
by the voltage difference between the two cells. Therefore, the cell #1 is discharged by Iyug1
while the cell #2 is charged by I,,42, and thus, the energy levels of the cells are equalized
after multiple equalizing cycles. The voltages of the cells are continuously monitored to

adjust the amplitude and the direction of the average equalizing currents.
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3.2.1.b Switched-Resonant Equalizer (SR-E)

Because the inherent disadvantages of the SC-E and the SMC-E are bulky volume and loss of
the circuit, the SR-E can be a promising solution. Only one additional inductor is connected
to the equalizing capacitor in series for the resonant operation. Because the switching pattern
is the same, the charge transfer process is similar to the SC-E. Denote that the damped

resonant frequency of the m-th cell is

/1

R
where [ = Q—Ik/ is the dissipation factor and Ry is the loop resistance with (kK =1, 2). Then,

the charge income and outcome of the capacitor are calculated by

Qin=C (V1 —Ve_avg) (1 +exp( _fllﬂ)> , (3.4)
Qout = _C(Vciavg - VBQ) (1 + €l’p( _fzﬂ)> . (3.5)

By the same token with the SC-E and the SMC-E, the average equalizing currents of the

cells are expressed by

Icwgl = %Cfsw (VBl - VBQ) (1 + 6:17])( _fllﬂ-)> y (36)
Tangs = %c Fow (Vi — Vigt) <1+exp(j2;)> | (3.7)

3.2.1.c Switched-Inductor Equalizer (SI-E)

In the SI-E, the equalizer operates as a buck-boost converter. Various theoretical analysis

have been reported [46, 47]. In this thesis, the analysis is inherited and is summarized as
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Table 3.3 AVERAGE EQUALIZING CURRENT CALCULATION FOR UA-MODEL

Topology Key formula
SC-E & Iavgl = %Cfsw (VBl _VBQ) (1 —exp( _Dl ))
fszlc
SMC-E | Iaugz = $Cfouw (Vo2 = Vi) <1 —ercp(i>> eapls )
9 2 fszQC 2fszQC
—pim
Iavgl = %Cfsw (VBl - VBZ) (1 —l—exp( 2 ))
SR-E o
—Pom
lavg2 = %Cfsw (Vb2 —Va1) <1 + exp( 522 ))
I - DV — (1= D)V
LT DR+ R)+(1—-D)%(Ry+ Ry)
SI-E Iavgl - DIL

Ipwgo=—(1—-D)Iy,

follows:

DV — (1= D) Vi
D2(R1+Rp)+(1—D)?(Re+ Ryp)’

I = (3.8)

where D is the duty ratio of phase A; Ry and Ry are the loop resistance; Ry, is the equivalent
series resistance of the inductor. Therefore, the equalization currents of two cells are

respectively calculated by

Iavgl :DIL7 (39)

Lugz = —(1=D)Iy. (3.10)

For a comparison, the average equalizing current of the equalizers are summarized in

Table 3.3.
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Fig. 3.10 Implementation of UA-model: (a) autonomous SET-E type; (b) governed switch-
matrix type (SMC-E).

3.2.2 Performance Comparison by UA-model

Since an UA-model reflects the energy exchange between two cells, the topological configura-
tion and control method will decide the amount of the UA-models to be employed in the
simulation. For an instant, the two configuration types of UA-model are implemented for two
groups of topology as in Fig. 3.10. For the SI-E, the SC-E, and the SR-E as shown in Fig.
3.10(a), where the switches are autonomously controlled by a pair of complementary PWM
signals. Since energy is only exchanged between two adjacent cells, (N-1) UA-models are
utilized to re-present the equalization of N series cells. The battery voltages are continuously
monitored to adjust the average equalizing currents of the UA-models.

Furthermore, the SMC-E only requires an UA-model as shown in Fig. 3.10(b). The
switch-matrix in the actual circuit is transformed into a network of double-pole double-throw

(DPDT) switches, which is utilized to connect the highest-voltage cell and the lowest-voltage
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Table 3.4 CIRCUIT PARAMETER SETTING

Topology SI-E SC-E SR-E SMC-E
fow=20 kHz fsw =20 kHz fow=15kHz fsw =20 kHz
L =400 pH C =2200 puF C =200 pF C =2200 puF
Circuitry
Ri=Ry=0159Q | Ri=Ry=0.15Q L =047 uH Ri=Ry=0.15Q
Parameters
Dy =Dy=045 D1=Dy;=045 | Ri=Ry=015Q | D1 =Dy=045
Dy =Dy;=045
Initial SOC SOC, 2, 3,4="70, 80, 95, 85 [%)]

cell to the UA-model. For illustrative purposes, if the DPDT of cell #1 and cell #4 are
triggered while the others are kept off, cell #1 and cell #4 are connected to two ports of the
UA-model. Next, the computation block sends the calculated average equalizing currents
to the UA-model. After a duration, the computation block scans the cell voltages again to
decide the switching pattern of the DPDT network as well as the average equalizing current.
When the voltage of the cell #1 and the cell #4 are lower than the other cells, the switching
pattern of the DPDT network changes. Thus, the energy of all cells is gradually equalized.

By implementing the UA-model for the equalizers, their performance can be tested
and compared. In this test, the target system is a 4S1P battery string (18650 NMC cell
3.6V/2.6Ah), and three types of simulation models are compared, including switching model
on RTSS, Rgg based model, and UA-model on PSIM, respectively. It is noted that the
switching model can be implemented either by RTSS or by PSIM. However, the switching
model in PSIM is too slow to be computed. In all test, the circuit parameters of the equalizers
are summarized in Table 3.4. Considering the inherent speed difference, the total simulation
time is set at 2 hours for the SI-E, and at 3 hours for the others, respectively. The performance
of the equalizers will be assessed by the evaluation criteria in Section 1.6 of Chapter 1.

To verify the accuracy of the UA-model, the initial SOC levels of the cells are set as

Table 3.4. The cell voltage, SOC level, and equalizing current profiles are illustrated in
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Fig. 3.11 Voltage profiles of the cells during the equalization by RTSS, Rgg model, and
UA-model: (a) SI-E; (b) SC-E; (c¢) SR-E; and (d) SMC-E.
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Fig. 3.12 SOC profiles of the cells during the equalization by RTSS, Rrg model, and UA-
model: (a) SI-E; (b) SC-E; (¢) SR-E; and (d) SMC-E.

Fig. 3.11, Fig. 3.12, and Fig. 3.13, respectively. Vividly, the Rgg model fails to emulate
the equalization of the SI-E, and the operating profiles are different from the other profiles.
Rpg model also shows an incorrect simulation for the other equalizers (SC-E, SR-E, and
SMC-E). In contrast, the equalization profiles show a similar behavior and performance of the

equalizers between the UA-model and the switching model on RT'SS. The voltage deviation
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Fig. 3.13 Current profiles of the cells during the equalization by RTSS, Rgg model, and
UA-model: (a) SI-E; (b) SC-E; (c¢) SR-E; and (d) SMC-E.

and SOC deviation by the RTSS and UA-model in Fig. 3.11, Fig. 3.12, and Fig. 3.13, are
so similar that verifies the accuracy of the UA-models. Although the equalizing currents in
the UA-model only represent the average value of the switching waveform from the RTSS,
the current profiles from both simulations match each other. Thus, the theoretical operating
principle of the equalizers can be verified by the UA-model. It should be observed that the
UA-model requires only about 60 s to simulate 3 h of the overall process, while the RTSS
needs exactly 3 h to perform the same task. By this means, the UA-model can evaluate the
equalizer performance with an accelerated speed and high accuracy.

Since the accuracy of the UA-model is verified, more test scenarios are assessed for the
equalizers as shown in Fig. 3.14. For the first three scenarios, the number of cells (4S1P) is the
same but the energy distribution of the cells is different. This test assesses the performance
stability of the equalizer under various energy distributions of the same battery system.
Furthermore, the test scenario in Fig. 3.14(d) presents the cell-inconsistency of an 8S1P

battery string while the energy level is descending distributed. The cell voltage and SOC
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Fig. 3.14 SOC distribution of the cells in various scenarios: (a) Four cells descending; (b)
Four cells convex; (c) Four cells concave; (d) Eight cells descending.
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Fig. 3.15 Voltage profiles of the cells during the equalization by RTSS, Rgg model, and
UA-model: (a) SI-E; (b) SC-E; (¢) SR-E; and (d) SMC-E.

level profiles in all test scenarios are shown in Fig. 3.15 and Fig. 3.16, respectively. Vividly,

the SMC-E shows a better performance than the others by virtue of the switch-matrix
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Fig. 3.16 SOC profiles of the cells by UA-model: (a) SI-E; (b) SC-E; (c¢) SR-E; and (d)
SMC-E.

structure, where the cell voltage and SOC levels are equalized over 94 % DoVE and DoSE in
all test-scenarios. However, to achieve such a high performance, the proposed SMC-E requires
a monitoring circuit to detect the highest voltage and lowest voltage cells. Besides, the
number of control signals is also larger than that of the autonomous types. The autonomous
single-tier SR-E and SC-E rank in the 2nd and 3rd places with over 80 % DoVE and DoSE
indices in test scenarios #1, #2, and #3. However, the performances of the single-tier SC-E
and SR-E are significantly reduced in scenario #4, where the number of cells are increased.
After 3h, the voltage and SOC levels of the cells are not yet equalized within the required
balancing level.

On the other hand, the SI-E shows poor performance under the autonomous control
scheme, when the voltage and SOC deviations become larger than the initial point. Thus, the

SI-E usually requires an extra complex duty-control algorithm. Specifically, the cell voltage
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should be monitored to calculate the duty ratio of the switching control signals. However,
the DoVE and DoSE are different from each other due to the polarization effect. Thus, the
voltage sensing-based equalization strategy in the SI-E is difficult to guarantee the energy
equalization of the cells.

Based on the voltage and SOC profiles, the slew rates are calculated to assess the
equalization speed of the equalizers. Because the autonomous control scheme is not suitable
for SI-E, its slew rates of voltage and SOC equalization are very low. In the first three
scenarios, where only four cells are tested, the SC-E and SR-E show an above-average
equalization speed. However, their equalizing speed is not the same in all test scenarios,
showing the dependence of the equalization performance on the initial energy distribution.
In addition, the equalization speed is significantly reduced when the number of cells is higher.
Therefore, the performance stability of the single-tier SC-E and SR-E is poor. In contrast,
the SMC-E shows a higher slew rate (>71.67 mV/h SRy and > 7 %/h SRsoc). Thus,
the performance stability of the SMC-E can be maintained even if the number of cells is
increased.

Finally, the Coulombic efficiency is calculated from on the SOC profiles of each equalizer.
In combination with the other performance indices, the scenario dependency of the equalizers
is assessed by the chart in Fig. 3.17. It is clear that the SMC-E shows consistent performance
across the test scenarios, where the performance indices are almost the same in all test
scenarios as in Fig. 3.17(d). On the other hand, the performance of the other equalizers
(single-tier SI-E, SC-E, and SR-E) in all test scenarios are heavily dependent on the initial
energy distribution of the cells as well as the number of the cells in the string. For example,

the performance of the autonomous single-tier SET-Es shows good performance when the
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Fig. 3.17 Performance stability under various test scenarios of: (a) SI-E ; (b) SC-E; (c) SR-E;
(d) SMC-E.

high-voltage cell and the low-voltage cell are adjacent. In addition, the voltage and SOC
profiles in Fig. 3.15 and Fig. 3.16 also reflect the impact of the test scenarios. While the
equalization point of the single-tier equalizers (SI-E, SC-E, and SR-E) in all scenarios are
dissimilar, the SMC-E shows a consistent performance.

In terms of cost and volume, the SI-E, the SR-E, and the SMC-E require high component
counts and volumes. The topological configuration of the single-tier equalizer (SI-E, SC-E,

and SR-E) should be improved to overcome the inherent disadvantages. The SMC-E is more
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Fig. 3.18 UA-model based performance comparison of various design combination: (a) Voltage
profiles; (b) SOC profiles; (b) Current profiles.

promising than the others by virtue of its high equalization capability, high equalization

speed, and performance stability.

3.2.3 Design Assessment by UA-model

Since the UA-model can assess the equalization process within a short time. The UA-model
can be utilized to verify the designs of the equalizer by executing multiple tests under various
scenarios. In Chapter 2, four design combinations of C' and f; are considered, including design
#1—1000uF'/10kH z, design #2 —2000uF'/10kH z, design #3 —2000uF/20kH z, and design
#4 —4000uF /20kH z. To choose the optimal C' and fs, the simulations based on UA-model
are implemented for a 4S1P battery string (18650 NMC 3.6V-2.9Ah). The capacities of the

cells are similar but their initial SOC levels are descending as 95%, 85%, 80%, and 70%,
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respectively. In every test, the internal resistances of the circuit, Ry and Ro, are set at 0.152
and the duty ratios of the complementary PWM signals, Dy and Ds, are fixed at 0.45.

The profiles of the cell voltage, the SOC levels, and the equalizing currents in four design
combinations are illustrated in Fig. 3.18. Vividly, the design #1— 1000uF/10kHz has a
lower equalization speed than the other designs, when it requires over 6100s to balance
the cell voltage within 100 mV. Furthermore, the designs #2, #3, and #4 show a trivial
increment of speed when C and fs; are doubled. In addition, the current profiles in Fig.
3.18(b) describe the same token, where the equalizing process of design #2, #3, and #4
are almost homogeneous. Therefore, increasing C' and f; doesn’t accelerate the equalization
speed. By considering the equalizing speed and the cost, design #3 —2000uF/20kH z is
selected.

In summary, the UA-model-based simulation is an effective evaluation method to compare
the performance of various topological configurations of the equalizers. Hours of equalization
time can be emulated by a UA-model within a few seconds. In addition, the UA-model can
be utilized to compare the design options of the equalizer. After that, the design can be

assessed again by the switching model on RTSS for better simulation accuracy.
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Chapter 4

Switch-Matrix Capacitor Equalizer

for Module Equalization

In Chapter 2, the equalization level I is achieved, when the energy levels of the cells inside a
module are equalized. However, the mismatch between the modules still exists. Thus, it is
essential to have an effective equalizer for the modules, which are connected in series and
parallel. Based on the design of the SMC-E, two switches are added to extend the operation
of the SMC-E for modular equalization. With the same design, the extended topology can be
implemented for both series and parallel connections as in Fig. 4.1. Because the equalization
of the modules in series and parallel connections requires a different mechanism, various

equalization strategies are proposed for different purposes.
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Fig. 4.1 Modular structure of the SMC-E for: (a) Series-connected battery modules; (b)
Parallel-connected battery modules.

4.1 Extension of the SMC-E for Series-connected Modules

4.1.1 Use Cases and Conventional Structure

In the EV and a rack of BESS, the modules are connected in series to increase the operating
voltage of the system. To mitigate the inconsistency between the cells inside a module,
it is recommended to execute the equalization periodically. In this case, the battery rack
disconnects from the DC bus to allow the modules to switch to IDLE mode as shown in Fig.
4.2(a). After that the equalizer of the local BMS is triggered to balance the cells inside every
module. For the same purpose, the cell equalization is activated for EV before the charging
process or at the repair shop as in Fig. 4.2(b). On the other hand, the retired battery pack of
EV is directly reused for the second-life battery energy storage system (SL-BESS). Therefore,
the energy level of the cells must be equalized and adjusted below 30% of SOC [93].

Since the passive balancing method is widely adopted in the industrial applications,

the execution time of the equalization process is long. Although the equalization level I
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Fig. 4.2 Modular equalization in: (a) Battery energy storage system; (b) Maintenance in car
repairing shop.

is guaranteed, the modular equalization is still not taken into account. On the academic
side, a few research on the modular equalizer structure was introduced. The typical BMS
structure of the series-connected battery modules is reported in Fig. 1.11, where a battery
module is monitored by a local BMS. The data is sent to the global BMS for monitoring and
control decision [75-77]. For the illustrative purposes, the conventional structural concept
is presented in Fig. 4.3(a), and has adopted the converter-based equalizer. Based on the
measured cell voltages from BMIC circuits, the equalization strategy for the cells is decided.
In addition, another converter is used to exchange the energy of the modules via the balancing
bus.

Firstly, the energy efficiency of the converter is rather low due to low handling power,
although the equalization capability of the conventional structure is good. In addition,
conventional structures have a bulky size and high cost.

Secondly, the equalization strategy relies on the measured voltage of the cells from BMIC,
which is sensitive to noise during the equalization process. Due to the voltage dropped on the

cable and connector resistance, the measured voltages of two adjacent cells are not accurate
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Fig. 4.3 Conventional equalizer structure for the multiple battery modules.

as in Fig. 4.3(b). If the equalization strategy is decided by the measured cell voltages, a bad

decision can be made which makes the equalization process becomes ineffective.

4.1.2 Equalization Speed vs. Number of Cells

In Chapter 3, the RTSS-based and UA-model-based simulations show a homogeneous per-
formance and equalization speed of the SMC-E even when the initial energy distribution of
the cells is different. It is observed that the homogeneous speed of SMC-E is achieved only
when the number of cells and the energy levels of the cells are the same. When the initial
energy level of the cells in two tests are different, the equalizing time is changed as in Fig.

2.17 in Chapter 2. The difference in equalization time between the two tests is due to the
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Fig. 4.4 Influence of cell number to the equalization: (a) in 8S1P battery string; (b) in 12S1P
battery string.

total amount of charge transferred during the equalizing process. For illustrative purposes,
the equalizing process of 8S1P and 12S1P battery strings is presented in Fig. 4.4. Although
the initial SOC deviation between the highest-SOC cell and the lowest-SOC cell is similar in
both cases, their initial average SOC levels are different.

To explain the difference, the total changed SOC of both cases is assessed. It is assumed
that all cells are equalized at the average SOC level, SOC,,4, and the transferred charge of

each cell, dy, is calculated by

| N
SOCuy =~ ;socbk, (4.1)
dok = (SOChk_init — SOChk_after)Quks (4.2)

where (k=1, 2,..., N) and N is the total number of cells; SOC,_inir and SOChy,_qfier are
the SOC level of the cell before and after the equalization process; Qpy is the actual capacity
of the cells. Vividly, the total transferred charge of a equalizing process is dependent on the

capacity and initial energy level of the cells. Hence, the total changed SOC of the equalization
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Table 4.1 TRANSFERRED CHARGE OF THE CELLS AFTER THE EQUALIZATION
PROCESS

‘ B#1 ‘ B#2 ‘ B#3 ‘ B#4 ‘ B#5 | B#6 ‘ B#7 ‘ B#8 ‘ B#9 ‘ B#10 ‘ B#l11 ‘ B#12 ‘ 50Cay | ASOC
SOCiu# 95 90 | 89 | 8.5 | 88 | 8 | 8 | 80 - - - - 87.56 15
SOC ima#l | 89 89 | 89 | 8 | 88 | 858 | 85.8 | 85.8 | - - - - 87.55 3.2
dy_ w1 [AB] | —9.6 | =16 | 0 | —0.8 | 0 | 1.28 | 1.28 | 928 | - - - - - -
S50Cimu#2 | 95 87 | 86 | 8 | 88 | 90 | 8 | 90 | 90 87 90 80 88 15
SOCima#2 | 88 88 | 88 | 8 | 8 | 8 | 8 | 88 | 88 88 88 88 88 0
dys_so [AB] | =112 1.6 | 3.2 | 3.2 0 | -32|-16|-32|-32| 1.6 | -32 | 128 - -

SOCiniu#3 95 90 87 87 87 88 88 88 90 86 87 80 87.75 15
SOC}ina#3 | 87.75 | 87.75 | 87.75 | 87.75 | 87.75 | 87.75 | 87.75 | 87.75 | 87.75 | 87.75 | 87.75 | 87.75 87.75 0

dy_#3 [Ah] | —11.6 | —3.6 1.2 1.2 1.2 —04 | 04 | -04 | =36 2.8 1.2 12.4 - -

SOCiu#td | 95 90 85 90 86 85 89 88 89 87 85 80 87.4 15

SOCina#4 | 874 | 874 | 874 | 874 | 874 | 874 | 874 | 874 | 874 | 874 87.4 87.4 87.4 0

dys_ 41 [AD] | =121 | —41 | 3.9 | —41 | 23 | 39 | =25 | —0.9 | =25 | 07 | 39 | 119 - -

scenario is expressed as

N
diotal_#m = Y |do, (4.3)
k=1

where m is the number of scenariod; |dy| is the absolute value of the transferred charge.
With the same design of the SMC-E, the equalization speed of the two cases must be equal.
It is assumed that the cells in case #1 are equalized during ¢; and SMC-E requires t5 to do

the same task in case #2, the following relationship is obtained.

dtotali#l _ dtotali#Z (44)
ty to
d
t2 = 7)&0&1[7#2 tl. (4.5)
diotal #1

Therefore, if the total changed charge of the cells and the equalization time of one scenario
is known as a reference, the equalization time of the other scenarios can be predicted. To
obtain the actual total change in voltage and equalizing time for the reference scenario,

the RTSS-based and the UA-model based simulations can be implemented. For an instant,
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Fig. 4.5 SOC profiles of the cells during the equalization of: (a) Passive balancing method;
(b) SMC-E under Scenario #1; (¢) SMC-E under scenario #2; (d) SMC-E under scenario
#3; () SMC-E under scenario #4.

the process is calculated for a 8S3P and three scenarios of 12S3P battery string (SK60
3.7V /60Ah), which have the initial SOC levels of the cells are summarized in Table 4.1. The
calculation of equalization time in scenario #2, #3, #4 are follows

e Step 1: The equalization of 8S3P is implemented by UA-model based simulation. The
equalization process is stopped when the cells are equalized within the average SOC level.
The SOC profiles of the cells are illustrated in Fig. 4.5(b) for a visualization.

e Step 2: Based on the SOC profiles, the total transferred charge is calculated. In this case,

diotar 41 is 23.84Ah. In addition, the equalization time is 48.6h for the reference scenario.
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e Step 3: It is assumed that the cells are equalized within the average SOC level after the
equalization process of scenario #2, #3, and #4. Thus, the total transferred charges of the
cells are 48Ah, 40Ah, 52.8Ah .

e Step 4: By using (4.5), the equalization time of the scenarios #2, #3, and #4 are
97.85h, 81.54h, and 107.63h. The equalizing processes in three scenarios are verified by the
UA-model based simulations to verify the calculated to. The SOC profiles of the cells are
illustrated in Fig. 4.5(c), Fig. 4.5(d), and Fig. 4.5(e), respectively. Compared with the
calculated equalization time, the mismatch between the calculated time and the actual time
is small.

On the other hand, the equalization time of the SMC-E is compared to the time of the
passive balancing method. Because the cells are discharged by the individual resistor, the
equalization process of the cells can be simultaneously and individually executed. Thus,
the equalization time of the passive method is the same in every case of cell number. In
the 8S3P string, the passive method requires 111.2h to balance the cells within 4% of SOC
difference. It is observed that the overall equalization speed of the SMC-E is almost similar
to the passive method when the number of cells is 12. It is observed that this result is found
to be correct only with a specific circuit design and test cases. Consequently, it is necessary
to improve the equalizing speed of the SMC-E.

Since the equalization time of the 12S3P string in the simulation is almost similar to
the calculated time, the scale-up process can be applied to the actual number of cells. It
is observed that the equalizing time is longer when the number of cells increases. It is
the inherent disadvantage of the SMC-E, where only two cells are equalized at a time. To

overcome the disadvantage, the equalizer can be divided into multiple sub-SMC-E units
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Fig. 4.6 Proposed modular equalization strategy for series-connected battery modules: (a)
topology configuration; (b) Phase MA; (c) Phase MB.

and their operations are simultaneous. Thus, the overall equalization speed of the system
increases. In this thesis, the series string is divided into multiple sub-modules, which are
equalized by multiple SMC-E units. Since the performance of the SMC-E unit is verified
for the cell level, the design of the SMC-E unit is extended for the modular equalization in
Section 4.1.3. Two control strategies are proposed to equalize the energy level of the cells

and modules.

4.1.3 Module Equalization Strategy for the Series-connected Modules

The topological configuration is illustrated in Fig. 4.6(a), where a SMC-E unit is implemented
for every module. Furthermore, two switches SMy; and SMyo (k=1, 2,..., N) are added for

each SMC-E unit to connect their balancing capacitors in parallel and form a balancing bus.
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Fig. 4.7 Operating principle of the module balancing;:

(a) Equivalent circuit of two modules;

(b) Phase MA; (c) Phase MB.

While the operation of the SMC-E unit at the cell level is similar to Chapter 2, the module

balancing function can be executed either in autonomous control or governed control.

The main operating principle is presented by the equivalent circuits in Fig. 4.6(b) and

(c). Similar to the operation of the cell-level equalizer, the equalizing process is divided into

two phases as MA and MB. In the phase MA, the upper switch of the last cell (S4H) and

the lower switch of the first cell (S;L) are turned on while the others are turned off as in

Fig. 4.7(b). It is assumed that the voltage of module #1 is higher than that of module #2,
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module #1 will charge the capacitor, C, by I/ while capacitor, Cs, discharge to module

#2 by Ipro. The current Ips; and Iz9 are calculated by

Vi —Ve(t) —t
Iy (t) = 4.6
M1 ( ) Rloop exp Rloop Cl Y ( )
Vc(t) — VM2 —t
Ino(t) = 4.7
M2( ) Rloop “rp RloopCQ ’ ( )

where Rjop is the sum of the capacitor ESR, the on resistance of the switches, and the
resistance of the wiring. Because four switches are always activated at the same time and the
series-connected cell impedance is large, the loop resistance of the module-level equalization
becomes higher than that of the cell-level equalization.

Next, all switches of the SMC-E unit are turned off and the additional switches .S My
and SM;s are activated to connect the balancing capacitor of the SMC-E units together in
parallel. Since every parallel connection has self-balancing effect, charge will be automatically
balanced between them as in Fig. 4.7(c). The voltages of the capacitors are balanced to the

average voltage of all capacitors.

N
1
VMﬁavg = Z NVMk:a (48)
=1

where N is the number of modules and V. is the voltage of the modules. Hence, C is

discharged while Cs is charged by

VMl - VM avg —t

I t) = = 4.9

e ( A Cl) , (4.9
Vi avg — Vi —t

Ino(t) = M*};lg M2 exp (Rl C2> , (4.10)
oop oop
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Fig. 4.8 Average current and power loss of the equalizer: (a) AV =1.2V; (b) AV =0.8V; (c)
AV =04V.

Similar to Chapter 2, the operation of the switched capacitor during module equalizing

process can be analyzed by its average quantity. The average equalizing current of each

module are expressed as

—-D
IMliavg = Cfs(VMl — VMﬁavg) 1 — el'p(m) y (411)
s4oop
-D -1
Inre avg =Cfs(Vir avg—Van) | 1— €$P(m) exp R Ca | (4.12)
S oop S oop

Although the mechanism of the modular equalization is similar at the cell-level, the
voltage deviation and the internal resistance of the loop are higher than that of the cell-level.
To ensure the performance of the equalizer at the module level, the average currents and
power losses of the equalizers are calculated and illustrated in Fig. 4.8. By the same token in

cell-level, the equalization current gradually reduces as the voltage deviation becomes smaller.
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In addition, the internal resistance of the battery string also affects the equalizing speed. For
example, assume that the internal resistance per battery cell is 50m$2 and the total resistance
of the circuit is 150mS?2, the total resistance of one 4S1P module becomes 300mS). Therefore,
the internal resistance of the circuit must be minimized to ensure equalization speed. In
addition, it is observed that the average currents and power losses of the equalizer become
relatively low when the voltage deviation is small. Thus, there is a trade-off between the

equalization speed and the energy loss for the equalization process.

4.1.4 Hybrid Control Algorithm Between the Cell and Module Equalization

For the modular equalization, two control strategies are proposed: a hybrid strategy and an

autonomously strategy. The flowcharts are illustrated in Fig. 4.9, respectively.

Hybrid governed-autonomous strategy:

Although the equalizing processes of the cells and the modules are independent, only an
equalizing pattern should be allowed at a time to prevent the short circuit between the cells.
Thus, the equalization strategy for the cells and modules must be scheduled. In the hybrid
strategy, the cell-level equalization inside every module should have a higher order of priority
than the equalization of the modules as shown in Fig. 4.9(a). For every module, the optimal
pairing algorithm is executed for the cells to achieve the fastest equalizing speed. After all
modules are internally equalized, the modular equalization is triggered by the autonomous
control.

During the equalization, the equalizing currents of every module are monitored. When
the equalizing current of a module is lower than a threshold level, the modular equalizing

process of that module will be terminated. After the equalizing process of every module is
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Fig. 4.9 Control flowchart for the equalization of both cell and module levels: (a) Hybrid
governed-autonomously strategy; (b) Full autonomously strategy.

terminated, the inconsistency condition of the cells is periodically scanned to trigger the

equalizing process for the cells and modules again.

107



4.1 Extension of the SMC-E for Series-connected Modules

On the other hand, because the inconsistency of the cells inside the modules is different
from each others, the cell equalizing time of each module is different. Therefore, in some
cases, the modular equalization would have to wait for all modules to be internally equalized
and prolong the overall process. Although the hybrid strategy can guarantee the equalization
capability, the governed strategy for the cells requires a high-accuracy sensing circuits, which

increases the cost and volume of the system.

Autonomous strategy:

To eliminate the waiting time and the performance dependency on sensing circuits of the
hybrid strategy, the autonomous strategy is proposed. With the autonomous control strategy,
the cell and module equalization will be executed in turn as in Fig. 4.9(b). Each stage of
operation is processed during the same duration, T¢y... When the last pattern is finished,
the counter is reset to repeat the autonomous equalization from the beginning.

In the autonomous strategy, the sensing circuit is disabled. Thus, the BMS cannot detect
the location of the highest-voltage and lowest-voltage cells when the cell-inconsistency is
arbitrary. Thus, every equalization pattern is executed in turn to transfer energy from the
highest-voltage cell to the lowest-voltage cell. Thus, the equalizing pattern which balances
two cells of equal voltage will product a low equalizing current. In this case, the equalization
time of this step becomes ineffective. Thus, the autonomous control strategy has a lower
speed than the optimal pairing algorithm for the cells.

To increase the equalizing speed, the divide and conquer sorting algorithm is adopted.
As mentioned, the series cell string is divided into multiple modules, which are equalized by
a SMC-E unit. Inside a module, the cells are divided into multiple groups which consist of

multiple series cells. Since the number of cells can be odd or even, two dividing strategies
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Fig. 4.10 Switching pattern of the autonomous control strategy: (a) cell-to-cell; (b) Sub-
module to sub-module; (¢) Module-to-module.

are illustrated in Fig. 4.11. If the number of cells is even, the module is divided by an even
number such as 2, 4, etc., as in Fig. 4.11(a). In the case of an odd number of cells, there is a
cell will be grouped into both sub-module as in Fig. 4.11(b). By equalizing the sub-modules
together, the energy levels of multiple cells can be adjusted at the same time. Finally, the
cells inside the sub-module will be equalized by a sequence of patterns, which balance every

combination of two cells.
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Fig. 4.11 Divide strategy in different number of cells: (a) Even dividing; (b) Odd dividing.

For illustrative purposes, a battery system consisting of two series modules is considered.
The switching pattern is illustrated in Fig. 4.10. The pattern sequence starts with cell-to-cell
equalization, in which every cell is paired one-by-one. The equalizing process of the cells
is illustrated in Fig. 4.12(a), where the changed cell voltage levels are illustrated after
every equalizing pattern. After a sequence of pattern, the energy is transferred from the
highest-voltage cell to the lowest-voltage cell.

Next, the switch-matrix is controlled to balance the energy level of the two groups
together as in Fig. 4.10(b) and Fig. 4.12(b). Finally, the switch-matrix pattern is changed to
module-to-module equalization as in Fig. 4.10(c), when multiple modules are equalized. As a
result, the energy level of the modules is gradually equalized. After the energy level of the

cells inside every module is already equalized, a level III of equalization is achieved.
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Fig. 4.12 Graphic illustration of the equalization by the autonomous control strategy: (a)
cell-to-cell; (b) Sub-module to sub-module; (¢) Module-to-module.

4.1.5 Design Consideration

Because the modular structure re-utilizes the hardware of the SMC-E unit, their design is
almost similar. Only two switches SMyy and SMys (k=1,2,...,N) are added to construct

the module exchange bridge. On the other hand, the voltage rating of the switches Sy H
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Fig. 4.13 Schematic of the gating for the modular SMC-E unit.

and Sy L, which connect the entire module to the capacitor, must be higher than the other

switches. The voltage rating of the switches is calculated by

VSwitch > Vmodule + Ibal Rmodulea (4 13)

where R, oqule is the total resistance of all series cells, Ip, is the balancing current of the
modules.

On the other hand, the switches in the switch-matrix must be independently controlled
for the sub-module to sub-module equalization. In this thesis, the switches S;H and S;L are
individually controlled by the 1:1 pulse transformer circuits as in Fig. 4.13, and thus, any

switching pattern can be constructed.

4.1.6 Performance Verification

To verify the performance of the modular equalization strategy for series connected modules,
the proposed strategies are implemented for two series modules, which consist of 4 series-
connected cells for each. In this test, the capacity is similar for 8 cells (3.6V-2.6Ah) but the
initial SOC levels are set to a descending distribution order. The test setup is summarized in

Table 4.2 showing a SOC deviation of 25% between the cells of each module. The average
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Table 4.2 TEST SETUP ON RTSS FOR SERIES MODULAR EQUALIZATION

Parameters Setup
C1 & Oy 2048 F
fsw 10kHz
Rioop 0.15Q
Cell specs. 3.6V —2.6Ah
Initial SOC level | M;: SOCi 23, 4 =95, 85, 80,70% | Ma: SOC567, 8 =285, 75, 70,60%

—_ 4200 | [ e — v, v, 100 I [=—=s0c, —so0c, SOC, mmm SOC,
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Fig. 4.14 Operating profiles of single SMC-E for 8S1P string: (a) Voltage profiles of the cells
insides the modules; (b) SOC profiles of the cells.

SOC level of module #1 is set to higher than that of module #2 by 20% difference. To balance

the energy of all cells, both hybrid strategy and autonomous strategy are implemented.

Hybrid Strategy

To get a reference, an 8S1P cell string is equalized by a SMC-E and the operating principle
is similar to the Chapter 2. After 5.2h, the equalization is stopped to assess the equalization
performance. The cell voltage and SOC level profiles are illustrated in Fig. 4.14. After the
equalizing process, all cells are equalized within a voltage deviation of 30mV and a SOC
difference of 4%. The calculated DoSE, DoV E, SRy, and SRg are 84%, 85.6%, 42.3 mV/h,

and 4.04%/h, respectively.
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Fig. 4.15 Operation profile of the governed strategy: (a) voltage profile of the cells insides the
modules; (b) voltage profile of two modules; (c) SOC profile of the cells insides the modules;
(d) SOC profiles of two modules.

Furthermore, the hybrid strategy is implemented and compared with the conventional
method. Because this strategy gives a higher order of priority at the cell level more than
the modules equalization, the energy level of the cells inside the modules is equalized first.
The cell-equalization is terminated after 3h for the performance assessment. After that,
the module equalizing process is started separately. The voltage and SOC profiles of the
module equalization are illustrated in Fig. 4.15, where the equalizing profiles of the cells and
modules are separately plotted. In Fig. 4.15(a) and Fig. 4.15(c), the cell equalization in
module #1 and module #2 are simultaneously executed. It is observed that the cells of the
module #1 are equalized within a voltage deviation of 20mV and a SOC difference of 2.4%,
respectively. The calculated DoSE and DoVE are observed by 90.4% and 90%, respectively.
In addition, the cells inside module #2 are equalized within a voltage deviation of 25mV

and a SOC deviation of 4%, respectively. It means that equalization level I is achieved for
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both modules. Compared with the conventional method in Fig. 4.14, the hybrid strategy has
a higher equalization capability.

In view of equalizing speed, the extended SMC-E only requires about 1.5k to equalize
the cell voltages within a voltage deviation of 50mV and 3h for a voltage deviation of 20mV .
The relative slew rate of voltage equalization at 1.5k and 3h are 100mV/h and 60mV/h,
respectively. In this test, the initial energy distribution and the energy deviation of the cell
in module #1 and module #2 are almost similar. Therefore, the difference of cell equalizing
times between both modules are trivial. Assuming that the energy deviation in module #1 is
higher than module #2, the SMC-E unit #2 finishes the cell equalization process first and
the algorithm wait until the cell equalization in module #1 is completed.

Since the cell equalization in every module is achieved, the module equalization process
is triggered at time 0. The voltage and SOC profiles in Fig. 4.15(b) and Fig. 4.15(d) show
that the modules are equalized within a voltage deviation of 20mV and a SOC difference
of 1% after 1.5k of the equalizing process. It means that the modular equalizing strategy
achieves equalization level III. After the equalization, the voltage and SOC levels of all cells
are equalized within a voltage deviation of 25mV and a SOC difference of 3%. In the test,
the initial energy levels of the cells in module #1 and module #2 are set to a predefined
level, which has the same initial voltage and SOC deviations. The slew rate of the voltage
and SOC equalization is calculated for the whole process to compare with the conventional
method. The proposed method requires only 4.5h to finish the cell and module equalization.
The calculated SRy and SRg are 50 mV/h and 4.9%/h. Compared to the conventional

method, modular equalization has a higher speed.
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Fig. 4.16 Initial SOC distribution of the cells (Module #1- C#1, C#2, C#3, C#4; Module
#2- C#5, C#6, C#7, C#8): (a) Descending distribution; (b) Convex distribution; (c)
Concave distribution.

Autonomous Strategy

To assess the impact of the initial energy distribution on the performance of the autonomous
strategy, the module equalizer is tested under three different scenarios as in Fig. 4.16. While

the descending distribution in Fig. 4.16(a) is similar to the condition of hybrid strategy, the
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Fig. 4.17 Voltage profile of the cells during the autonomous equalization under three test
scenarios: (a) Inside module #1; (b) Inside module #2.

convex and concave distributions in Fig. 4.16(b) and Fig. 4.16(c) locate the highest energy
cell at the middle or two ends of the string.

The voltage and SOC profiles of every cell during the autonomous equalization are
illustrated in Fig. 4.17 and Fig. 4.18, respectively. Vividly, the equalization level I can be
achieved in descending and concave distribution cases after 6h. In convex cases, the equalizing
speed of the autonomous strategy is slower than the others. Regardless, the equalization
level I can be achieved if the process is continuously executed. Since the impact of initial
energy distribution on the equalizing speed of the autonomous strategy is significant, the
autonomous strategy has a slower equalizing speed than that of the hybrid strategy. It

requires 5.5h to equalize the cells within a voltage deviation of 40mV and a SOC difference of

117



4.1 Extension of the SMC-E for Series-connected Modules

Module #1 Module #2
100 T T T T T 100
_ _ — =50C, — =50C, SOC, = =S0C,
X L ASOC =10% NS L 1
T ¥ ASOC=5% < o ASOC = 10%
= % ———— ’Q N el S e
E S 80 S 80r - ¥ - -
- £ F---=-==---+===22F¢
2 L () p— Ep-—-—""" " _diea===
a bt A
-1 ] -
5 60F s 60
«© soc, soc, s0C, soc, «©
50 50 ; . | : |
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (h) Time (h)
100 : ; 100 S , : :
_ - — =50C, = =S0C, SOC, = -socs‘
9 ASOC=10% q
S 90+ | < 9%
< b ASOC =10%
= S0 =y
= =% i ——-2==1
e : f ,o--ZZzZzz===== 3= 3
o "‘é 7() " s V=== - - ==
£ g L o=
E 60f Z 60—
@ soc, soc, soc, soc, @
50 50 \ . . . .
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (h) Time (h)
100 T 100 T 1 T 1 .
_ _ — =S0C, = =S0C, SOC, = -socg‘
N 00 ASOC =10% S 90 - ]
= g ASOC = 10%
o g — == - _
g 5 8 Z 8¢ e
= = S Emmmm === === == ==
S S 7 _|
O s 7 - I e
£ N R e
E 60F F 60
2] socC, soc, soc, soC, @
50 50 : : | : |
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (h) Time (h)
(@) (b)

Fig. 4.18 SOC profile of the cells during the autonomous equalization under three test
scenarios: (a) Inside module #1; (b) Inside module #2.

4%, while the hybrid hybrid strategy only needs 4.5h. The SRy and SRg of the autonomous
strategy are 38.2 mV/h and 3.82 %/h

To assess the modules equalization, the voltage and SOC profiles of all cells and the
module-voltages profile are illustrated in Fig. 4.19. According to the results, the autonomous
strategy only achieves the equalization of level I, level II, and level III in the descending
distribution case. The equalization speed is slower than that in the other cases.

On the other hand, the current profile of one equalization cycle is shown in Fig. 4.20,
where the equalizing patterns are step-by-step executed. When the modular equalization

pattern is finished, the pattern sequence is reset from the beginning. In module #2, the
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Fig. 4.19 Operation profiles during the autonomous equalization under three test scenarios:
(a) Voltage profile of all cells; (b) SOC profile of all cells; (b) SOC profile of all cells; (c)
Voltage profile of modules.
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Fig. 4.20 Current profiles of one equalization cycle by autonomous strategy
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Fig. 4.21 Experimental setup of the SMC-E for modular equalizing strategy
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Fig. 4.22 Hardware design of the SMC-E in every experiments

equalizing current is zero since the voltage of group #1 (cell #5 + cell #6) and group #2
(cell #7 + cell #8) are almost equalized.

To further verify the performance of the modular equalizing strategy for the series-
connected modules, a prototype is made for two SMC-E modules. The experimental setup is
shown in Fig. 4.21, where the operating waveform is obtained by the Lecroy oscilloscope and
the cell voltages are recorded by a data logger (Hioki LR8402-20) and are plotted by Matlab
software. The design of the SMC-E are summarized in Fig. 4.22, where 20 pcs of electrolytic

capacitors 100 pF are connected in parallel to form a unit of equalizing capacitor. The
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Fig. 4.23 Operating waveform of the SMC-E: (a) Cell equalization at AV =250 mV’; (b) Cell
equalization at AV =100 mV; (¢) Sub-modules equalization; (a) Module equalization.

measured capacitance of the equalizing capacitor unit is similar to the calculation in Chapter

2. In all tests, the ICR18650-30A cells are docked on the battery holder of the SMC-E board.

The operating waveform of the extended SMC-E for the series module equalization are

illustrated in Fig. 4.23. While Fig. 4.23(a) and (b) show a homogeneous waveform with the

waveform in Chapter 2, the equalizing waveform in Fig. 4.23(c) and (d) confirm the operation

of the SMC-E in the module level. In the module equalization, the voltage balancing between

two capacitors occurs in a very fast way. Therefore, only the equalizing current of the battery

modules can be observed.
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Fig. 4.24 Voltage profile during the equalizing process: (a) versus cell voltages inside module
#1; (b) versus cell voltages inside module #2; (c) versus all cells; (d) module #1 versus
module #2;

Furthermore, the recorded voltage profiles during the equalizing process are illustrated in
Fig. 4.24. Vividly, the cells in both module #1 and module #2 are equalized within a voltage
deviation of 30mV. The equalization level III is achieved as shown in Fig. 4.24(c), where
the cells are equalized within a voltage deviation of 50mV . Considering the initial voltage
deviation of 340mV’, approximately DoVE of 86% is achieved. Although the equalizing time
is quite long, the equalization can be executed without any guidance of the measuring circuit.

Therefore, the complexity of the control circuit can be significantly reduced.
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Fig. 4.25 Conventional equalization circuits of the parallel connected battery modules: (a)
Relay-based scheduling method; (b) dynamic resistance equalization.

4.2 Extension of SMC-E for Parallel-connected Modules

Similar to the series connected modules cases, the same design of the SMC-E unit is adopted
for the parallel connected modules. A novel strategy is developed for the energy exchanged in
IDLE mode, and power distribution in non-IDLE modes including charging and discharging

processes.

4.2.1 Conventional Structure

Sometimes, the battery modules are individually connected to the DC bus by a relay or
contactor [94, 95]. Based on the measured voltage of the modules, the relay or contactor is
switched to balance the energy level of the modules as in Fig. 4.25(a). This method can
individually control the operation of the modules and can isolate the unhealthy module from
the DC bus. However, an inrush current flows when the battery module is connected to the
DC bus by the relay or contactor. The current profile in Fig. 4.26 shows the self-balancing
effect, when four modules with different voltage levels are suddenly connected in parallel.
The high-voltage modules are discharged by a high current and the lower energy module is

charged by a high current. Such a high initial current can damage to the battery module.
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Fig. 4.26 Self balancing effect in the parallel connected battery module when they are
connected together at t=0

To suppress the inrush current and make the branch currents even, the dynamic resistance
equalizer in Fig. 4.25(b) is introduced [25]. Technically, the switch modulates the series
resistance which can regulate the branch currents. When the energy level of the modules is
equalized, the switch is closed to minimize the series resistance. This method is simple, but
shows good performance. However, high energy loss in the resistors is a critical disadvantage
of the dynamic resistance equalizer.

In conclusion, a high-efficiency equalization method is required for the parallel-connected
battery module. On the other hand, the uneven current distribution between the branches

under a non-idle process should be resolved.

4.2.2 Proposed Equalization Strategy for Parallel-connected Battery Mod-

ules

The equalization of the parallel modules can be achieved through two mechanisms: energy
exchange in IDLE mode and current distribution in non-IDLE mode. According to the

operating mode, the corresponding control strategy is activated.
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Fig. 4.27 Modular strategy for parallel connected battery module: (a) Topology configuration;
(b) Operation principle - Phase A; (c¢) Operation principle - Phase B.

Energy Exchange Strategy for IDLE mode

The topological configuration for the parallel-connected battery modules is similar to the
design of the series-connected battery modules. In addition, the battery modules are separated
from each other by the switches as in Fig. 4.27(a). In the IDLE mode, where the battery
system has no charge or discharge current from the DC bus, the energy exchange mechanism
is illustrated in Fig. 4.27(b) and Fig. 4.27(c), where the equalizing process is also divided
into phase A and phase B. The equalizing strategy for the series-connected modules can be

directly adopted for the parallel connection as well.

Current Distribution strategy for non-IDLE mode

In the parallel connection, the load currents are distributed between the branches. If the

module is modeled as the voltage sources and the internal impedance as in Fig. 4.28(a), the
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Fig. 4.28 Operation of the parallel-connected battery modules: (a) Parallel modules in
discharge process; (b) Equivalent circuit of the switched capacitor equalizer.

current in each branch can be solved by the equation

Z1h =2l =V =V,
Z1h —Z3I3=V1 - V3

(4.14)
lel - Zn-[n - Vi - Vn

11—|—12—|—13—|—...—|-In210,

where Vi, Va,..., V,, are the open-circuit-voltage of the battery modules; 71, Zs,..., Z,
are the internal impedance of the modules; I, Io,..., I, are the operation currents of the
branches. Vividly, the voltage and impedance of each battery module have a strong impact
on the current distribution of the branches. If the modules with different voltage levels are
directly connected, the uneven current distribution of the branches can lead some modules
to the overload condition. Therefore, maintaining the uneven current distribution between
the branches is required. If the branch current can be regulated by changing the branch

impedance, it helps to control the current within a safety level.
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The operation of the proposed topology can be explained by the equivalent circuit in Fig.
4.28(b). In phase A (to to t1), the capacitor is charged by the source Vi, and the charge

increment in the capacitor and the capacitor voltage difference are calculated by

Que= [0t = Vi —vet0)C (177 ). (4.15)
and
weltr) = velto) = L2 = (Vi —velto)) (1= ) (4.16)
C bl

where D1 is the duty cycle ratio and T is the switching period. The voltage of the capacitor
is constant during the dead time (¢1 to t3) since all switches are turned off.

In phase B, the capacitor is docked to the voltage source Vj,,, and energy is released from
the capacitor to Vp,,. Thus, the charge decrement and the capacitor voltage difference are

calculated by

t3 —DyT T
Qdec:/t im (D)t = (vo(ts) — Vom)C <1—efm>e2fm, (4.17)
and
beltz) — velts) = 2 = (0, (12) ~ Vo) (1= ) 5. (4.18)
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In the quasi-steady state condition, Qine = Qgec, and thus, the average balancing current

is expressed as

I.= Qincfs = Qdecfs
— (V= velt)) O, (1- 7 )

—2D —
— (velta) — Vi) C'f (1 - efm> et (4.19)

where f; is the switching frequency of the equalizer. On the other hand, the voltage difference

between the capacitor and the voltage source during two phases is described by

1, 1
AVk- = ‘/bk — 'Uc(t()) = 277%, (420)
fs 1—efsm
and
I e
62 sT™m
fS 1 — e fsT™m
Thus, energy loss for each voltage source is calculated by
9 —Dy
I 1+efsm
k — — _D. (4.22)
2f3C | _ 73
9 —Da
I 1 —+ e fstm
En=————-—. 4.23

The power loss can be calculated by multiplying the energy loss with the switching
frequency as (4.24). If the switched capacitor equalizer is represdented by an equivalent

resistor, R.q, which is seen from the x —y terminal in Fig. 4.28(b), the power loss of the
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equalizer can be approximately calculated by (4.25)

Ploss = (Ek + Em)fs

9 D1 Dy
I Tork e Tarm — 1
e —C = , (4.24)
desEs
F)loss = ICQReq- (425)
By comparing (4.24) and (4.25), the equivalent resistance can be obtained.
Dq Doy
1 Tk e Form — 1
Reg °cre (4.26)

= D .
) )

It is observed that the equivalent resistance, R.q, is a function of the duty ratio, the
balancing capacitance, and the switching frequency. Since the balancing capacitance is fixed
by the original design, the R., can be adjusted by changing the switching frequency and duty
ratio of the switches.

Based on the design of the SMC-E unit (C' =2000uF"; R = 0.15Q2), the equivalent resistance,
Ry, is calculated for various cases of the switching frequency and duty cycle. The results
are plotted in Fig. 4.29(a) for illustrative purposes. It is clear to observe that R, is
strongly dependent on the switching frequency. If the switching frequency is reduced, R4 is
significantly increased. The impact of the duty cycle on R, is weak where the increment of
R4 is small by duty change. Therefore, it is concluded that regulating the branch impedance
by the switching frequency is more effective.

In the proposed equalization structure for parallel connected battery modules, the SMC-E

units can serve as a controllable resistor between the module and DC bus as in Fig. 4.29(b).
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Fig. 4.29 Module equalization strategy in non-IDLE modes: (a) Req vs. fs and D; (b)
Equivalent circuit using R., model.

Therefore, in the non-IDLE mode, if the module voltages are monitored, the the following
two actions can be taken.

e In the charging process, the switching frequency of the highest voltage module is
reduced to increase its impedance when the voltages of the modules are mismatched. The
switching frequency will be held until the voltages of the modules are all equalized. During
the operation, the voltage comparison algorithm detects the next highest-voltage module and
dynamically changes its switching pattern to achieve the module equalization. When the
voltage of all modules is equalized within a targeted level, the individual switching frequency
is increased to the original frequency to reduce the impedance. If the duty ratio is regulated
to almost unity (for example 95%), the impedance will be minimized. If the voltage deviation
becomes higher than the targeted level, the equalization process is triggered again. Since the
currents are individually adjusted according to the voltage levels all modules can be fully

charged at the same time.
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e In the discharging process, the mechanism is almost similar to the charging process.
However, a lower switching frequency is set for the lowest voltage module and the branch
impedance is maximized. Therefore, the other modules will be discharged by a higher current.
If the module voltages are all equalized, the switching frequency is returned to the original
frequency with a unity duty ratio. When all modules are fully discharged, the entire process

is terminated.

Cooperative Equalization Strategy for Parallel Connected Modules

In telecommunication and data-center applications, the battery system has to be always
on standby to deliver the backup energy to the load. Thus, the maintenance time must be
limited. In general, the modules can be equalized by the proposed method in IDLE mode.
However, the balancing current is gradually reduced as the voltage deviation between the
modules become smaller. Calculated balancing current and power loss of the modules are
illustrated in Fig. 4.30, which supports the above statement. Therefore, the slew rate will be
decreased and the equalization time is too long.

On the other hand, module equalization in the non-IDLE mode can balance the energy
level of the modules by distributing the current between branches unevenly. The current
distribution is controlled by the switching frequency adjustment as mentioned in Section
4.2.2. Modules have to be operated by a much higher current to achieve a high equalization
speed. However, the impact of the uneven current sharing ratio on the lifetime of the battery
module is not fully investigated yet.

To limit the maintenance time, the modules can be equalized in the pre-equalization
period. At this stage, the cut-off voltage deviation of the equalization process can be high

to utilize the high equalization speed condition of the SMC-E. After that, the algorithm in
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Fig. 4.30 Average current and power loss of the equalizer: (a) AV =1.2V; (b) AV =0.8V;
(c) AV =0.4V.

non-IDLE mode is triggered to connect the modules to the DC bus. The energy levels of the
modules will be gradually equalized during their operation. As a result, the energy inside the
modules will be fully utilized.

The combined equalization strategy can also be useful in the hot-swap process, where the
faulty battery modules are replaced by healthy ones. The newly-replaced module should have
a similar energy level as the existing module to prevent the possible inrush current caused by

the voltage difference. It means that the module equalization is essential for the hot-swap

process.

4.2.3 Performance Verification

The module equalization strategy is implemented by a hardware-in-the-loop RTSS platform

for four parallel-connected battery modules, which consist of 4 series cells in each module. In
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Table 4.3 TEST SETUP ON RTSS FOR PARALLEL CONNECTED MODULES

Setting
Parameters
IDLE Charging Discharging
c 2048 F
Duty ratio 45% — Deadtime 5%

Fast fs 10kH 2

Slow fs 1kHz

Rioop 0.1592

Battery module 4S1P module of 18650 cell (3.6V/2.6Ah)
Initial SOC of Module #1~#4 | 100, 80, 90, 70% 15, 40, 20, 30% 100, 80, 90, 70%
Operation parameter I1=0 CC/CV —4A/16.8V CC—-4A

the tests, the energy of the series cells inside each module is equalized before the parallel
equalization is executed. The circuit parameters of the SMC-E unit are summarized in Table

4.3, which are similar to the design in the series-connected modules case.

Equalization During the IDLE Mode

In the IDLE mode, where there is no current flow through the modules, all modules are
separated from the DC bus for the voltage scanning process. After the scanning, the highest
voltage module and the lowest voltage module are detected. Hence, their module equalization
strategies are executed by a fast switching frequency (10kHz). The equalization process is
terminated after 3.5h and the performance of the equalization strategy is assessed in view of
equalization capability and speed.

The operating profiles of the modules are illustrated in Fig. 4.31. The module voltages are

equalized within 150mV from an initial voltage deviation of 1.25V after 3.5h. Furthermore,

133



4.2 Extension of SMC-E for Parallel-connected Modules

Voltage (V)

15.5 AV = 500mV
0 0.5 1 1.5 2 25 3 35
Time (h)
(a)
q ‘_soc1 ——S0C, SOC, ——m$0C,
< 100 _
)
) \‘
= 9 | ‘ _
5 ' H
2 80 A 3
1= A
g ASOC= 10% ASOC=5%
= 70 = g
~—
wnn
60 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 3.5
Time (h)
(b)

Current (A)

0 0.5 1 1.5 2 2.5 3 35
Time (h)

(©)

Fig. 4.31 Operation profiles of the battery modules during IDLE mode: (a) Voltage profile;
(b) SOC profile; (c) Current profile.

it shows a SOC deviation of 4.82% at the end of the equalization in Fig. 4.31(b). The

calculated slew rates of the voltage and the SOC equalization are 315mV/h and 7.2%/h,
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Fig. 4.32 Operation profiles of the battery modules during Discharging process under Com-
bined strategy and non-IDLE only strategy: (a) Voltage profile; (b) SOC profile;

respectively. The equalizing speed is high at the beginning of the process, but the overall
equalizing speed becomes significantly lower as the voltage deviation decreases.

In fact, the equalizing process is still under the way, but the balancing current becomes
extremely low and the further equalizing process is taking a lot of time. On the other
hand, the current profile in Fig. 4.31(c) reflects the equalization strategy in IDLE mode.
Because modules #1 and #4 are the highest-voltage modules and the lowest-voltage modules,
the equalizing process is only executed between them. After 1.65h, the voltage of module
#1 is equalized to module #3 while module #2 is equalized with module #4. Thus, the
controller will alternately swap the switching pattern between modules #1-#3 and modules
#2-#4 to maintain their equalizing condition. The modules are equalized one by one and

the equalization level II can be achieved.
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Equalization During Discharging Process

For the test of the discharging process, the same modules are connected to a 44 CC load. The
test starts when the initial SOC levels of the modules are 100, 80, 90, and 70%, respectively.
When any module reaches the cut-off condition, the entire process will be terminated.

In the discharging process, two equalizing strategies are implemented, including a combined
strategy and a non-IDLE-only strategy. As mentioned, the combined strategy equalizes the
modules within a target level before the discharging process is triggered. According to Fig.
4.30, the module equalization achieves the high speed when the voltage deviation is larger
than 400mV or 10% of SOC difference. For instance, the discharging process will be triggered
once the modules are equalized by the equalization strategy for the IDLE mode during the
pre-equalization process. Once the voltage deviation becomes lower than Vg the modules
are continuous discharged until the end of the discharging process in the non-IDLE mode.
The voltage and SOC profiles of the modules are illustrated in Fig. 4.32, which show an
effective performance of the proposed method. The modules are equalized during 0.6h and
the modules are fully discharged after 2.2h. The calculated DoSE and DoVE are higher than
98%, when the module levels are equalized within a SOC difference of 1%.

It is assumed that the modules are discharged without the pre-equalization process, the
module equalization strategy for the non-IDLE mode is triggered directly. By distributing the
current unevenly, the energy levels of the modules are equalized within 1% of SOC difference
and be maintained to the end of the discharging process. The total discharging time of
this strategy is 2.1h. Compared with the combined strategy, the non-IDLE-only strategy

consumes more energy.
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To assess the advantages and disadvantages of both equalization strategies, the current
profiles of the modules are illustrated in Fig. 4.33. The current profile in Fig. 4.33(a) reflects
three stages of the combined strategy including the pre-equalization stage, the unequal
discharging stage, and after the equalized discharging stage. At 0.6h point, the operation
pattern is switched from the pre-equalization process to discharging process. Because the
energy levels of the modules are still mismatching, the controller reduces the switching
frequency of the lowest voltage module to slow down its discharging process. When the energy
level of all modules is equalized at the 1.5h point, the switching frequency of all SMC-E units
are set to the high switching frequency and high duty cycle to distribute the load current
evenly. During the discharging process, if the controller detects the inconsistency between
the modules, the frequency is adjusted again to maintain the equalization condition. In the
non-IDLE-only strategy, the operating current of module #1 is quite higher than the others.
The combined strategy can mitigate the over-current issue.

To illustrate the operating principle in the pre-equalization stage and the discharging
stage, the detailed waveform of the battery current is captured and shown in Fig. 4.34. In
the pre-equalization stage in IDLE mode, only two modules are equalized at a time as in
Fig. 4.34(a). When the energy levels of the modules become almost equal to each other, the
switching pattern is dynamically changed by the scanning and detecting process. As a result,
the energy level of all modules is equalized. In the discharging stage, the switching frequency
of the lowest voltage module is decreased. Thus, the amount of charge that flows out of the
module #2 is lower than the others. Therefore, equalization level II can be achieved by the

current distribution scheme.

137



4.2 Extension of SMC-E for Parallel-connected Modules

Current (A)

%
=

;) ]
=== |

I, _14‘

. L L . L . . L . L .
0.612 0.613 0.614 0.615 0.616 0.617 0.03 0.0315 0.032 0.0325 0.033 0.0335 0.034
T Time (h) Time (h)
6 ‘ ‘ 6 o\
4 N
2 2 i
= T2
= =
s s
= =
= = 0
&) &)
-2
NN J— [Je—
4 \
0 0.5 1.5 2
ime (h)

Current (A)
Current (A)

1 L L 1 1 L . 1 1 L L L L L L L
1.592 1.594 1.596 1.598 1.6 1.602 1.604 1.06 1.065 1.07 1.075 1.08 1.085 1.09 1.095 11

Time (h) Time (h)
(@) (b)

Fig. 4.33 Current profiles of the battery modules during the Discharging process under: (a)
Combined strategy; (b) non-IDLE-only strategy.

Equalization During the Charging Process

For the test of the charging process, the same modules are charged by a 4A/16.8V CC-CV
charging method. The initial SOC levels of the modules are 15, 40, 20, and 30%, respectively.
The entire process will be stopped if any module achieves the fully charged condition. Similar
to the discharging process, two equalizing strategies can be implemented. Since the charging
current can be managed, the non-IDLE-only strategy can operate well without any over-
current issue. The operating profile of the modules is presented in Fig. 4.35. It is observed
that the energy levels of the modules are equalized within a SOC deviation of 1% after 1.5h
and all modules are fully charged at the same time. The current profile in Fig. 4.35(c) shows

a strategy switching at time point 1.5k, the switching frequency of all SMC-E units of all
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Fig. 4.34 Current waveform of the battery modules during: (a) Pre-equalization; (b) unequal
discharging/charging process.

modules is switched to the same frequency and duty ratio to distribute the load current
evenly. In addition, the DoVE and DoSE of the proposed method in the charging process can
achieve 98% at the end of the charging process. Vividly, the proposed modular equalization

strategy shows high effectiveness to mitigate the inconsistency issue at the module levels.
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4.3 Conclusion of the Chapter

In this Chapter, the extension of the SMC-E unit for the module equalizing strategy of series
and parallel connected modules is proposed. In the series connection, two control equalizing
strategies are proposed to increase the equalizing speed. The hybrid strategy has a 13.5%
faster speed than the conventional method. Although the autonomous strategy has a lower
speed than the hybrid strategy, the process won’t require any sensing circuit which can reduce
the size and cost of the system.

In addition, the same design of the SMC-E unit can be applied for the parallel-connected
system. The equalizing strategy is proposed for three types of operations, including the
IDLE mode, the charging process, and the discharging process. In all operations, the energy
levels of the modules are equalized with high performance. The scheduling algorithm can be
combined with the proposed strategy to further improve the equalization speed and increase

capacity utilization.
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Chapter 5

Conclusion and Future Works

5.1 Conclusions

This thesis presents equalization strategies for modular battery energy storage systems in
order to mitigate the inconsistency in the cell-level and the module-level characteristics. The
performance of equalization strategies is verified through various test scenarios and design
parameters. From the results, the principal contributions of this thesis are summarized as
follows:

e Firstly, a novel SMC-E structure is proposed. The principle of operation of the SMC-E is
analyzed in order to optimize the design. Additionally, the design guidance for the switching
matrix structure, gate driver circuit, and sensing circuit is provided. An optimal pairing
algorithm is proposed to achieve the highest equalizing speed without the co-operation of the
BMIC circuits.

e Secondly, a unified average model (UA-model) is proposed to accelerate the simulation of

the equalizing system over the long term. By implementing the UA-model for the performance
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evaluation, different topological configurations of the equalizers can be assessed and compared
within a short time.

e Thirdly, the SMC-E unit is executed for the module equalizing feature. Two equalization
strategies are introduced to simultaneously achieve the equalization levels I and II of the
series-connected modules. The hybrid strategy shows a high equalization capability for the
cells and the modules while the autonomous strategy can be operated without the guidance
of any sensing circuit.

e Fourthly, the SMC-E is also applied for the modules connected in parallel. Two
equalization strategies are proposed based on the energy exchange and the current distribution
scheme. In the IDLE mode, the energy exchange scheme is used to transfer energy from
the high-level module to the low-level module. In the non-IDLE mode, the branch currents
are distributed unevenly to balance the energy level of the modules. Once the equalization
condition has been reached, the branch currents are evenly distributed to minimize the loss.

e Finally, the performance of the modular equalization strategies is verified by hardware-

in-the-loop-based RTSS and experimental results.

5.2 Future Works

Besides the work that has been done in this thesis, some unexplored subjects may be
considered as future studies. The potential topics can be suggested as

e A family of switch-matrix energy tank (SMET-E) can be developed along with SMC-E
in order to improve the equalization performance. The promising topology can be switched

LC resonance converter and resonant switched capacitor converter.
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e The online voltage monitoring function can be integrated into the hardware of the SMC-E
unit since the balancing capacitor can be connected to any cell through the switch-matrix.

e By the same token, an online measurement of cell impedance can be integrated into the
existing SMC-E hardware as a symbiosis system, where it is expected that the impedance of
each cell will be estimated individually.

e The SMC-E can replace most part of the existing BMIC circuit since it can provide
similar features to the BMIC.

e Under the current distribution scheme, the equalization strategy for the parallel-
connected modules has the potential to equalize not only the SOC levels but also the SOH
levels of the second-life battery modules.

e When the advanced equalization method is adopted, the overall lifetime of the battery
pack can be improved. However, the impact of the equalizer on the lifetime improvement
should be investigated. By cycling the battery pack with and without the cooperation of
various equalizers, the lifetime improvement can be assessed. It is expected that the equalizer
has high efficiency with lower loss will slow down the inconsistency evolution of the cells.

e Since the SMC-E focus to equalize the voltage level of the cells, the battery aging is
not considered yet. However, the capacity, impedance, and OCV-SOC characteristic of the
cells can be heterogeneous in the actual situation. Thus, the impact of the mismatch aging

condition on the performance of the SMC-E should be investigated.
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Research Objectives

“* Develop a novel structure of equalizer to mitigate the inconsistency in both cells and

modules.

» The impact of test scenarios on equalizer performance is analyzed to evaluate the advantages and
disadvantages of different topologies. As a result, a new structure based on the switch-matrix

capacitor equalizer is proposed.

» A simulation method is proposed to rapidly evaluate the performance of the equalizer to speed up

the development process.

» Develop a module equalizer based on the proposed SMC-E to balance energy of the series

connected modules to reduce the equalization time and size.

»Develop the equalization strategies for the parallel connected modules in the IDLE, discharging,

and charging process.
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1.1 Battery Packing and the Inconsistency
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1.2 Aging Pattern and the

Cell-Inconsistency

> Aging pattern of the cells is different from each

other because of the tolerance of the material.

» Even when cells operate under the same

conditions, cell inconsistency still exists.

» There is no link between capacity mismatch and

resistance mismatch between the cells.
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1.3 Cell-inconsistency in Series Connection
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1.4 Cell-inconsistency in Parallel

Connection
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» Impact of inconsistency becomes more serious in hot-swap process.

Department of Electrical, Electronic, and Computer Engineering, Univers

ity of Ulsan



1.6 Modular

Structure of the BMS

Battery system is divided into
several modules and is connected

in series.

Inside a module, multiple cells
are connected in series and

parallel.

Cells in a module are monitored
through a sensing circuit.
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1.6.1 Equalizer Classification - Passive Methods

Page 18 in Thesis

» Passive balancing method dissipates the energy of the higher voltage cells

] S
Iu‘.!‘ :;E: m‘;.,.:

o e o e e
< e -

-

until the cell voltage becomes even. 4 )
» Balancing current, |, can be designed according to the balancing I . Vbat
resistance. bal — R
» To achieve a high equalizing speed, high-power resistor is required, and vice \_ Y,
versa.

Energy Conversion Circuit Lab.,
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1.6.2 Equalizer Classification - Active Methods

Batte . .
Equa,ix, » Active balancing methods transfer energy from
I | ! one cell to another.
Passive Active : :
» Active balancing methods have more
advantages in terms of equalization speed and
v v v v v i
Fi . e . Switched Inductor/ energy Sa\"ng.
ixed s_huntlng Sv_vltchlng SW|tch_ed Multi-winding Converter
resistor shunting resistor Capacitor Transformer Base
» Switched capacitor equalizer group got more
Before Passive Active attention due to its simplicity and efficiency.
Balancing Balancing Balancing
» Switched inductor and transformer-based
methods can achieve a high equalization speed
# .
but require a complex control method.

B, B, B; B, B, B, B; B, B, B, B; B,

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan
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1.7 Problem Identification

- - C'm
4 r
B, =—
T S4L{ | . @ Low current ,
. g =2 i
3 Rcaniy r""‘/
—_ 4 .
S3L ;_‘ e f— et bR
9 G : B l (i -=: Equutlzer
S;H 5 ! W £ 0 o
Bz _ = : . |
: E #3 & MW+ =
S;LL
) 2 C : Ra | AL
S‘Hé E——
Bl :% L
1 2 3 4 R
-

» Autonomous control scheme requires many intermediate steps to transfer energy between the highest-

level cell and the lowest-level cell.

» Since the amplitude of the balance current depends on the voltage deviation between two cells, the

intermediate steps have a lower balance current than the directly transferring.

» Voltage drop on the resistance of the wire and connector affects the accuracy of voltage measurements.

nversion Circuit Lab.,
1t of Electrical, Electronic, and Computer Engineering
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1.7 Problem Identification

SOC level
l:l #1: 95% #1: 80% lj #2: 95% #1: 95% by color Equalization [ DoSE Equalization
1 12 0% 100% Capability DoVE Speed
. °
#3: 83% /
Iil #2: 85% [] #2: 95% EI #2: 80%

#4: 78% Evaluation
75% Criteria

#5: 76%

Iil #3: 80% I:l] #3: 85% [] #3: 70% \
I #6: 74%
#71: 712% 50% S .
cenarios
Ij #4:70% Ij #4:70% Iil #4: 85% 48: 70% Dependency
& Number of Cells

» To compare performance of the equalizers, tests should be performed under the same conditions.

» Various evaluation criteria should be considered, including equalization capability, equalization speed,
loss, stability, component counts, volume, and cost.

» Equalization capability, equalization speed, and performance stability are more important.

Energy Conversion Circuit Lab.,
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2.1 SMC-E: Topology Configuration and Operation Principle

I, J:if'—%l » Switch-matrix is utilized to directly connect
h lsensor lsensor o L3
Lsense : <—®* 1 D any-cell to the balancing capacitor, C.
c=F |+ sa 1i = = 1 _
T T ! T > A current sensor is used to measure the
st . se 1< balancing current of each pair of the cells
=y i i B | : - :
- L l | | for the optimal pairing algorithm.
st 1o s | S : L
B T » Operation principle is divided into two
S S g s hases:
+ ¢ > 1
Bi—== _f ------------- |
~— SL = 0 Higher voltage cell charges the capacitor in
S;L -
Phase A Phase B
t PWM signal o phase A.
(
Battery Management System: I B . B ./ ]:.\B. . .
Optimal Pairing Algorithm [ ‘ : 2 1 0 During phase B, energy is transferred from

the balancing capacitor to the lower

*Energy is transferred directly from one cell to another. voltage cell.

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan
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2.1 SMC-E: Topology Configuration and Operation Principle

:""""""7 """"""""" H Deadtime

X _hy :y A > |<T DT Deadtime

§ . § s, s 21T X SHSIL | | t
u® i el OV ' - - (A

D,T

. .
L "l i
L)

H H | | e
P SLo Syl th ttt, ¢
» Equalization process of two cells is reflected by the t
average balancing current in phase A and phase B:
1 D, )
Iu.v =—C s Vg — V 1 — T 1~/ ¢
gl 2 f ( Bl EE) ( emp( fsw-R]C )) ;- ¢
1 D, -1 H— H—  S— HH— .
Lovge = —C swl (Va2 —V, 1-— P —— - ) ' iy T 4 "
g2 = 5 Ofow (Ve = V) ( ep| megc))”p( 2fwBaC) Vo T e
g J L — S— F— S E v,
i i H o
"

= A higher voltage deviation, a higher balancing current will be. R S A

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan
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2.2 SMC-E: Optimal Pairing Algorithm

#1 o #1 High current
Low current
#2 #2 o
#3 \.‘\ #3 ®
®
#4 Q/ #4
1 2 3 4 1 2 3 4

Conventional active balancing method: Proposed switch-matrix capacitor equalizer:

> Energy is transferred through many intermediate step. » Energy is transferred directly from highest energy level

> Balancing current in the intermediate step is low due cell to the lowest energy level cell.

to the small voltage deviation. » High balancing current can be achieved which accelerates

the balancing process.

Energy Conversion Circuit Lab.,
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2.2 SMC-E: Optimal Pairing Algorithm

RESET“::‘f T=) S e o | cauimtion et » Equalization process is divided
SH-SL [ i g M L 7 1 > . .
SCANNING fxe;f‘l‘g: Liij — | R p—t ot into multiple cycles.
N S;H - S,L. i i N i - 51 5 ° .
@ """"""" o . . ‘ » An equalization cycle starts by
*timer: count down timer S;H - S;L i i i i °
e B “M: current matrix B I SR D S SR U AN the current scanning to detect the
Update M ‘E,E T ‘E,; <E,§‘ Thw . ﬁ,;‘ Th .
Locatei,j(:s(:llzlhp?l::tall:jd= max(M) max-min Ceu‘ pair.
@ T I R I R D > Switching pattern of the max-
EQUALIZATION SIS . P i N Mo, . o« . .
Y _ IR A I AR min cell pair is held during T, for
timer T, u::vlic esa T P Torr Torr \
T T / | N\ the fast energy exchange speed.
Send PWM to Pair #1 Pair #2 Last Pair
SH, SL, SjH,SjL Cell #1 vs Cell #2 Cell #1 vs Cell #3 Cell #(N-1) vs Cell #N > E ualization rocess is sto ed
i2a% 13a% 130 a P PP
timer T, LR ik a8 T K 3T when the optimal current is lower
than I,
*Optimal pairing algorithm is used to detect the shortest way for the ener .
P P & 2% y gy =>» The cells are equalized.

transferring process.

Energy Conversion Circuit Lab.,
Department of Electrical, Electronic, and Computer Engineering, University of Ulsan
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2.3 SMC-E: Design Consideration - Loss Assessment

H " Deadtime " "
el il e
SH.S,L { |
E—— F— NPT -
Iavgl Iang — —
w ot
B, = A% Equalizer Vg =B,
d t
. - f.;. .
Ig2 o ﬁ t
' o i :; t
v ‘io t;‘ "t2 6 "t4
B1
— > . . .
: » N » Balancing current waveform of SMC-E is almost pulsating.
avgl
K. P> P .
s | + | Pis Eioss => RMS current can be approximately calculated based on
»| 1/s
p .
Ve, N the average balancing current.
e Integrator
Iavgl K L5 X | |
- Igms LoV D

K, = _

1
Ia*ug IOD \/5
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2.3 SMC-E: Design Consideration - Capacitance vs. Switching
Frequency (D,=D,=0.45)

AV =300mV

— 0.5]z0.4274

0.3
X 2038
Y 10.3
Z0.4219

0.2

0.1

Equalization current (A

&
=

X
‘.:,‘.0’0
XXX
XX

&

XX
X

(X

0

TSI
e S
SR TSSOSO
SSRRRRRENEN
3 ‘,‘::‘::‘::.‘::‘3‘\3‘
S ““\“::“:\“ SR
SIS ST
Sesiees!
‘\‘\s‘\\s‘\\\‘

RS

i
X
e
o

%
X
X
%

X
X
K

Powerloss (W)

fs (kHz) ’ C (uF)
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AV =200mV

X 2024
Y 10.17
Z0.08823

5000

5552 s >
02 %% o o
0000203055525 S S SO SSSI,
ESTEIEES SERRIIIRIIID
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%

S0
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X eSS S SIS SIS
0020005
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it Laboratory

S
_
w

0.1
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0.3

Powerloss (W)
= =
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AV =100mV

Internal resistance

has a strong impact.
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2.3 SMC-E: Design Consideration - Capacitor Size

100.kV . Table 2.3 CAPACITOR SIZING-OPTION COMPARISON
-‘x"-..,_ Power Tantalum | MLCC Filin Elec. #1 | Elec. #:
10KV | '-...‘."‘capautors Counit [1tF] 1] 10 ] 10 140
' Viating [V] 50 50 50 50 50
Lard 0.1 (.1 0.015 0.12 (112
- Parameter = =
o B =24 fRed 2] 10 10 10 10 10
o Tantalum capacitors of 1 cap, ; e
I3} ! ! ESE a0 |mtY 154 159 23.8 191.1 19.1
= with solid electrolyte
g Volume, [mm| 1181 14 1320 432 72.2
100V |
Unit price | K 7W]* 2.390 1,764 3,890 25 60
- No 200 200 200 200 20
10V | d Parameter ESR.{fective [m) 0.8 0.8 0.12 0.06 (.96
: : Double-layer
- Ceramic and supercapacitors of N Cap. Toral volume [mm] 23.625 2800 | 264,000 5,635 14445
| capacitors ~ - = - =
‘ - Tutal cost [KrlV] AT7E N S52.728 | TT,800 3,000 1,200
1V I ' | — ity = ' — | Uit priee is refrered from Eleparts in October 2022
LipE LAk L LenE LF 4 kF LM o N is the numhber of parallel caparitors.
Capacitance
Tantalum: AVX - EPXMBXLX P E _ ESR o
MLCC: AVX - EPXUMLVN i C effective =N T TN " ANz fC’
ESR — tand N — “target
Film: WIMA - EPXLX77Y i S C L= O ) ] ESR
) e “unit ES Rﬁffr:r:i ive = T EG'I(ZEffEL’.'ﬁ‘FE) = N
Electrolytic: EPXKTC4K (10uF) & EPXKTD3G (100uF) :

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan
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2.3 SMC-E: Design Consideration - Switch Matrix

Table 2.4 SWITCH-MATRIX STRUCTURE COMPARISON

il 1 Structure Number of switches | Number of control signal | Nummher of activated switches
1l — " 1 Multiplexer 2N N 2
22 B, = itk n;:Li e Odd-Even N-+5 N+3 4
i |
~ — = . . . .
i i,  em 1 " s ] | » Number of switches in the odd-even structure is less
B; == - w T Say o
| P FH than the multiplexer structure when N > 6.
- R P —— $ » - . .
S.L SH 8 . .
B B %« » The odd-even structure requires more complex
t 1 . 1 1 | control circuit than the multiplexer.
- B,:_i ] ﬂl_i )
— l' ' - [ . » During the operation, odd-even structure activates 4
k i i switches simultaneously which increase the resistance of
Multiplexer structure Odd-Even structure the circuit

=» Reduce the balancing current.

[ Ricuie =RB+N=*R . + ESRc + Rothe}

Energy Conversion Circuit Lab.,

Department of Electrical, E{ectrorm and Computer Engineering, University of Ulsan



PWM A

PWM B
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2.3 SMC-E: Design Consideration - Current Sensing Method

VWA
ey Pre-A E>
s g2 AW
I Differential | OP-
C signal AMP
1 £
. 2 - l‘:
t l
* Rﬁ]lmt T [\J'I_l:U
L. 1]
B,, ;? =C

Hall sensor

=,
e e

4
s

B.—

m|m

VWA
W j}“
Differential OP-
signal AMP
I. l
L ¢ To MCU

» Since the current waveforms of the different cell-pairs are

heterogeneous, balancing current is measured at multiple

point to calculate the average value.

» Hall effect current sensor has a lower bandwidth than the

Phase B

circu[t.

R

circuit

Energy Conversion Circuit Lab.,

shunt resistor, but don’t increase the resistance of the

= RB + N % Rd on T ESRc + Rothe}

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan
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2.4 SMC-E: Performance Verification - Design Assessment

» Balancing current of two cells (Vg; = 4.163V; V;,=3.843V)
is compared to verify the theoretical calculation.

> R =0.45Q

circuit —

Current sensor
& Capacitors . . . .
»Based on the theoretical analysis, four design options are
Switch-
matrix

assessed:

0 Design #1: 1000uF/10kHz = | =193mA

[ 0 Design #2: 2000uF/10kHz = | =206mA ]

0 Design #3: 2000uF/10kHz = 1=212mA
0 Design #4: 4000uF/20kHz = 1 =224mA

*Difference between the designs are small due to the high

resistance of the circuit.
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2.4 SMC-E: Performance Verification - Design Assessment

Fite  Vedical Timebase Trgaer Displzy Cursors Me > Wath  Anz
Capacitor ‘ I
voltage | :

(iap acitor
voltage -

i |
| \ |
Capacitor | : I :
: i  Capacitor '
current . | | apacitor | .|
' current
.v' ts |
I ! ; |
| l [ |
| | | |
PWM | ' i |
=< | = | | s PWM| P — -
= ‘ | : a ~ ‘ i ! ! ;
i I*WW&“"*“‘“"""‘R""\'""‘"I e o e J;-'-"-"‘"‘"‘-‘m'i"fr""?""““"" W’i“?’r"“ﬂ{ | Errrrrrirl g ey izl dhispdian ! [ ey e oy sttt hingl |
il - | | L ,A i )
Measure PAifragil] P2ute(C1] P2mpan(Cd) Parme(Cd PEiman(s3) PE- - Measure P1:frag(C) PZauty(C1) P3:mean(C3) Parmas(C3 PEman{C3) PB-

walue 99988597 kHT A4 BH1 % q9ma 1832 m& a04 A value 199982402 KHI 14698 % T0mA 224ma 545 mMA
status v v o v v 5 & v v

imehase  0.0p

TELEDYNE LECROY | 222070 34410 Fid TELEDYNE LECROY 120812020 10°02:43 B

*Resistance of the circuit should be redesigned instead of increase the balancing capacitance and switching
frequency.

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University o
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2.4 SMC-E: Performance Verification - Optimal Pairing
Algorithm

Measure  Math

12020302 4337 'MW

Scanréling pr(;icess

Measure P1freqiC1) P2:duty(C1) P3:mean(C3) Fd:rms{C3) PamaxiC3 PE---
value 10.0038 kHz 44781 % 18 ma 131 mA 1.39A
Fii o v o

Y i
Mamane e k] FEARET EAmeaniny Pl (EH FRenaEl] P
L WAL ke AR Vi Hima 2§ e

L o o F o+ u
e M S e

TELEDYRE LECROY 1207010247 IR

Conversion Circuit Lab.,

ment of Electrical, Electronic, and Computer Engineering, University of Ulsan
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2.4 SMC-E: Performance Verification - Experiments Setup

Current sensor
& Capacitors

Swiltch-
matrix

Energy Conversion Circuit Lab.,

C (uF) 2000
f,(kHz) 10
Cell LG 18650HD2 - 3.65V/2600mAh

t_cutoff (h) 3 forcases #1 and #2; 4h for case #3
> Battery voltages are recorded by a data logger (Hioki
LR8402-20) during the equalizing process.

» Equalization process is stopped after 3h for the

performance assessment.
» Recorded data is plotted by Matlab for a visualization.

» SMC-E is tested under three different cases with

different initial voltage distribution.

Department of Electrical, Electronic, and Computer Engineering, Univer:
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2.4 SMC-E: Performance Verification - Equalization

w
o]
=
=]

Initial #2 3900 4010 39410 SR 49225 170
AV =100mV

Vavg_after = 3903mV

Table 2.6 EXPERIMENTAL RESULTS-BATTERY VOLTAGES (mV) 4100 . . . . .
>
Cell #1 Cell #2 Cell #3 Cell #4 | Vi, | AV E 4000 Virg petore = 3922mV -
<)
Initial #1 | 4000 3900 3910 382( 3905 || 180 g’
Exp. #1 3920 3900 3900 3805 | 3903.75 | 25 4 3900
z
<
~—
<
e

Exp. #2 3910 3910 J905 3890 3903.75 || 20

1ti : 5! bl A76 LRI R it T
Initial #3 AU 1830 1760 3930 i8HD 170 0 0.5 1 15 5 25 3
Exp. #3 | 380 3840 3800 3850 3835 | 40 Time (h)
41 T T T I I T T
4100 T T T T T § 00 V V
by 4000 ) AV = 100mV
&0 = Ve before = 3855mV
g L o o — — = 3900
= 3900 SSpe—m———— S
> >
> S
4 T S 3800
g 3800 AV =100mV §
3 Vavg aier = 3903mV A Vavg_ater = 3835mV
m | | I | ‘ 3700 1 1 1 1 l 1 1
3700 0 0.5 1 1.5 2 2.5 3 3.5 4
0 0.5 1 1.5 2 2.5 3 Time ()

Time (h)

Energy Conversion Circuit Lab.,
Department of Electrical, Electronic, and Computer Engineering, University of Ulsan




Page 65 in Thesis

2.5 Conclusion of the Chapter

> A step-by-step development and design of the SMC-E to mitigate the cell-inconsistency

is introduced.

» Theoretical analysis are provided in order to designh the balancing capacitance and

switching frequency for the SMC-E.

» Design consideration for the switch-matrix structure, gate driving method, and current

sensing scheme is provided.

» Optimal pairing algorithm show an effectiveness performance to overcome the impact of

the initial distribution scenarios.

» Hardware experimental results verified the equalization capability and the theoretical

operation principle of the SMC-E.

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan



Agenda

3. Novel Simulation Techniques for Performance Assessment of SET-E in Long-term

Operation
3.1 Real Time Simulation
3.2 Unified Average Model Based Simulation

3.3 Conclusion of the Chapter

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan



3.1 Real Time Simulation

A
| | |
1 1 1
V(to) ! : :
| | Battery
: : v(ts) Voltage
| |
v(ty) I /ﬁ !
| |
| |
| |
e : -
attery
01 ! 0 ! Current
|
1
|
ldis :
1 1 1
| | |
1 1 [ >
| | | d
S0C (%) t; t ts

» To have a fair performance comparison for various equalizers, the tests must be occurred under the same
conditions.

» Since energy level of the cell cannot be directly measured, it is difficult to set a similar initial conditions
for the cells in every tests.

> Polarization effect of the battery also affect the fairness of the comparison.
=» Simulations should be used.

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan
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3.1 Real Time Simulation - Description

SIL

PWM signal A

—3 Battery Management System

" Sl

H'

i
|
i II
ll| II
—_l I
I

NIi

*Various test scenarios can be set for the
performance comparison.

Energy Conversion Circuit Lab.,
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3.1 Real Time Simulation - Accuracy Comparison with

Hardware

Page 70 in Thesis

C (uF)
f, (kHz)
Cell

t_cutoff (h)

2000
10

LG 18650HD2 -
3.65V/2600mAh

4

#1 #2 #3 #4 | AV

Initial 3898 3825 3760 3912 | 152
Exp. 3823 3823 3814 3844 || 20
HIL 4 cells || 3826 3823 3820 3839 || 19

Energy Conversion Circuit Lab.,

Hardware
experimental
results

RTSS results

Scanning
Stage

Scanning
Stage

20mV- AV

—\-’] —VI \"3—\"4

1.5

2 2.5 3 3.5 Bl
Time (h)

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan



Page 72 in Thesis

3.1 Real Time Simulation - Equalization Performance

Assessment
67 67 67
4 5 6 1 2 3 2 3 4 5 6

Descending Order Convex Order Concave Order

97

1 2 3

4 5 6 1

» SMC-E is implemented for 6S1P battery string to assess the impact of the cell number on the equalization

performance.
» Same design of SMC-E is tested under three different scenarios.

» Through the tests, the performance dependency on the initial condition of SMC-E is assessed.

Energy Conversion Circuit Lab.,

ctrical, Electro d Computer Engin
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3.1 Real Time Simulation - Equalization Performance
Assessment

L R = e e ash | [—w—u—v] > Voltage and SOC profiles of the SMC-E
#2: 83% s i e SOC, s SOC SOC, S 41 s Vs V Ve
‘ #3: 79% = gg\ ] %4'0451 i l i “ i
e ] ——— & o8 Hobyrbr are similar in all scenarios.
g = _ S 39 — _
- é% T Te%RASOC >3;*gr . ©100mvV-AV. . .
et Ty s 1 15 2 25 3 35 4 "0 05 1 15 2 25 3 35 4 » SMC-E can effectlvely mitigates the
Time (h) ° Time (h)
Descending Order : : . L
R & cell-inconsistency under different initial
#1: 67% § 100 - [ I s SOC | s SOC, soc, 441§ . ) .
T e & 33\:— ] distribution of the cells.
#3:83% & 85+ 1 s+
#4: 97% E'_) ’;‘5’— 77—7—7777777‘7=7_ §3.9g
9 E S 3.9
vy L %/ | Tvinsoc >3_38§ C romvaAv » Influence of the cell number on the
oz 72% @ 0 0.5 1 1.5 2 2.5 3 3.5 4 ’ 0 0.5 1 1.5 2 2.5 3 3.5 4 . .
Time (h) Time (h) performance of the SMC-E exists but it

Convex Order

= .
: : 42 : : ‘
#1: 97% § 100 - s SOC | s SOC, soc, 415 RV — v, IS Wea k.
#2:79% qc)n 95 F s SOC, s SOC SOC, g .
; 90 = <~ 4. ]
#3:75% = 85¢ —— i ) 1
S 80 —_————— g e —
#:67% % 75 1 =
. 5 10 1 > o
| B 2 ¢ . . *10%AsOC. L U100mV-AV.
. 83% n .
#6: 83% 0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
Time (h) Time (h)

Concave Order

Energy Conversion Circuit Lab.,
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3.1 Real Time Simulation - Equalization Performance
Assessment

Table 3.2 SUMMARY OF PERFORMANCE INDICES

y o . ) Charge transfer Additional Initial voltage
DoSE[%] | DeVE[%] | SRsoc|%/h] | SRy [mV/h]
scheme sensing distribution dependency
SMC-E | 89~906 | 92.3~93 17.3 ~ 18.1 154.7 ~ 178 Direct 1-to-1 One current sensor Weak

» Various data can be recorded during the equalization

_ process by RTSS to assess more evaluation criteria
DoSE — Iﬁb’f)('.ﬁ'rn!'m! - &'ﬁlf)("fm.u.i ; A‘I{;HH = Aif}
posE ASOC it SRy = oo than by the hardware experiments.
 AVisa— AVl | ASOCs — ASOC, » Performance indices of the SMC-E are high in all test
DoVE = - SHsoc = .
AVinitial borocess scenarios.

Energy Conversion Circuit Lab.,
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3.2 Unified Average Model Based Simulation

r\ F 1 1
S;H S:H / SiH ( SiH
B] i F B] >

T Tla\'gl B, :% l B, T T Ianl > <«
S,L L; L SiL L,
LI I P S P
S;H S;H S;H G S;H C, C,
N [« e LT (T ey T
SzL SzL _»Sz]J /
Switched Capacitor Equalizer Switched Resonance Equalizer
- < 5
+ + Livr —e I [— 3
B, i Si B, __IT Si “T B, T S:H C==l a"g'Bl jTT S:H C:Tlavgz
— 'L' l' —e —> Ll —> ¢ Ll - - -
IL IL *— a— o—— f-/t—
. o | Ine SlLBz + S;H S,L B, S,H
BZ =? Sz Bz =? i Sz ! I l
4_
— — —t
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Switched Inductor Equalizer Switch Matrix Capacitor Equalizer

» SC-E, SR-E, SI-E, and SMC-E have a similar operation principle that can be grouped into one group.
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3.2 Unified Average Model Based Simulation

" > Main idea of UA-model is to identify the average amount of charge

+ AVk -
fronsesoneeanoeas i ..................... : Vi SET-Equalizer
x | — 2 A N U,
N o 8 AM - ol *I_a_V_g_f 4__1_2_7%_2. T$=B
Ry R; : 1 ] ; - 2
, S, S, : s
: . b, — =
B = ; Tank l Ipal i =B, Vi,
S E ——  Vy
Computation [€<— Vg,
. . . Block o
Equivalent Circuit of SET-E «—| Circuit parameter L,
C, ESR, {,, etc.
+ AV - . pe
T S , Unified Average Model
E Iy
"\ _>\/\N‘ Y » Switching model is replaced by an average model to reduce the
Req § sampling rate, and thus, decrease the runtime.
B, — E %__B

min

that flows into or out the cells during the equalization process.

Energy Conversion Circuit Lab.,
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3.2 Unified Average Model Based Simulation

Table 3.3 AVERAGED EQUALIZATION CURRENT CALCULATION FOR UA-MODEL i i
» Based on the theoretical analysis of the

Topalogy Kooy Sl equalizer, the key formula for UA-model is

obtained.

. . =D
SC-E & Livgt = 5C fow (V1 — Vi) (1 = r”j{_{"._j?lif})

» Circuit parameters are set for UA-model

SMC-E Livga = %C‘fm,. (Vga — V1) (1 —exp( —Dy )) exp( _711

foultaC 2fsultaC based on the design of equalizer.
T = 30w (¥, 1—i'-.;](1+f--1-p(_'i'“1)
_ S Sl ™ » Cell voltages are measured to calculate the
1 e SOE W) (1_.‘;‘{.;}[ —_:if-‘}) average balancing current of the cells at
- DViy— (1— D)V each cycle of the equalizer.
LT DR +R.)+(1-D)*(Rs+Ry.)
- => Balancing current changes as the voltage

Lu'_ql = DIL ° °
deviation decreases.

JErm'_:;r':_’ =—(1-D)I

Energy Conversion Circuit Lab.,
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3.2 Unified Average Model Based Simulation - Implementation

| — e *
| | h.ft;‘ ey R
B, —'—-: H B, -I-:; T B, =+ B ._{.-.-..... '
| L . il : - ‘ Er1r'|[.l;:rr1i
—' ' [ madetsd 3

I % H 5:H f medebi 7
—— .1.;:' - ks i wokg g ShR (peeesses H.,--: ......... _ —
1 ] % 3R e s e e — Wy
A .—I( T Lo i l— ".j
l Oy - : m ueu M lack ke
L l = ¥
'_:' LT 1 ‘ T - -T' ' : : d

5,H 5, || kel
B == S0 (i} =r—', B == W=

F

» Topology configuration decide the number of UA-model in the simulation.

» Conventional single-tier SI-E, SC-E, and SR-E utilize multiple equalizers to transfer energy between

the cells.

=> Multiple UA-models are used to emulate the equalization process.

Energy Conversion Circuit Lab.,
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3.2 Unified Average Model Based Simulation - Implementation

T
T UA- | ; i
C — I";: | I i = ' I":; j; e
T .+ Mmodel & ... peeemeeees MOOEL L.
B.i TT q'4H :””-“”‘:...____-______: ¥ i :. ______________ W
~ - § i : :
i L & = L —%
q L Jl S H =I i B_* - 2 : - vb' [ i B4 T [ o 2 V!ﬂ
bl 3 -8 " a4 e .
3 T, — —] H — vhz — —e . - vlr"
- -|— - 1 n-"‘"‘—fﬂ 1. e e | Computation lg \'.’M ? : Computation lg ‘_.'h;
- 1T L - G i B (R P~ W i 3
S‘ L SzH !___“--... e a—- ? L — Biock Vi ” 3 L Block Vi
B d L— IR < X ; : 4
' T‘ i :: B, T :: i L i : L
ne b ' : . z
— - : —r—1 : ; ESR, 1, X : ESR, f,,,
S:L __L SiH 4 -‘H_IB Jr e ek g i B e
B| : :.I —ty :ﬂ'l 1'T - .._-..J. H 1 _' I—.-"" .-L.“J'

» SMC-E only use one capacitor to transfer energy between the cells.
» Only one UA-model is required in the simulation.

» A contactor network is added to choose the cell pair.
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3.2 UA-Model Based Simulation - Accuracy
Comparison with RTSS

Table 3.4 CIRCUIT PARAMETER SETTING

Topology SI-E SC-E SR-E SMSC-E

Fou=20kHz | fou =20 kHz | fop =15 kHz | fop =20 kHz
L=400 pH | C=2200 uF | € =200 pF | C=2200 uF

Circuitry
R=0.15 Q R=10.15 L =047 pH R=0.15Q
Parameters ]
D =0.45 D =0.45 R=0.15Q D =0.45
D =0.45
Initial SOC SOCy, 5 3 4="T0, 80, 95, 85 [%]

» UA-model is implemented for a 4S1P cell string.

> The operating profiles of the cells such as voltage, SOC, and current of the equalization process

through the UA model are compared with the results through the RTSS and REQ model.

Energy Conversion Circuit Lab.,
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3.2 UA-Model Based Simulation - Accuracy
Comparison with RTSS
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3.2 UA-Model Based Simulation - Accuracy
Comparison with RTSS
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3.2 UA-Model Based Simulation - Accuracy
Comparison with RTSS
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3.2 UA-Model Based Simulation - Performance Assessment

— - S0 level
|:| #1: 959, #1: 80% D #2: 95%, 2 95% by calor
) ) | 1L}
‘W : 90, 100
3: 83%
#2: 85% [] #2: 95%, a #2: 80%
. : 789,
T5%
5: 76%
I;I #3: 80% #3: 85% . [] #3: T0% !
: 74%,
' :Tlﬁ“ 5['%.
D #4: T““f:} D #4: Tﬂ“f'ﬂ #4: S‘SIHI . Tﬂ‘:’il

» Same tests with the RTSS are applied for UA-model to verify its merits.

Energy Conversion Circuit Lab., ECCR
Ene
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3.2 UA-Model Based Simulation - Performance Assessment
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3.2 UA-Model Based Simulation - Performance Assessment
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3.2 UA-Model Based Simulation - Performance Assessment
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3.3 Conclusion of the Chapter

» Two simulation methods are introduced in order to assess and compare the performance

of various equalizers.

» Real time simulation is a powerful evaluation platform in terms of accuracy, but its

execution time is long and the number of component is limited.

» UA-model can emulate hours equalization process just in a short time without any
limitation of component number.

» Both real time simulation and UA-model based simulation can be used to verify the various
designs of the equalizer.

» To save time, it is recommended to use the UA model for baseline testing and design
considerations prior to real-time simulation testing and hardware experiments.

Energy Conversion Circuit Lab.,
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4, Module Equalizer System for Series and Parallel Connected Battery Modules
4.1 Extended Version of SMC-E for Series-connected Modules

4.2 Extended Version of SMC-E for Parallel-connected Modules
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4.1 Extended Version of SMC-E for Series-connected Modules
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4.1 Extended Version of SMC-E for Series-connected Modules
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Energy Conversion Circuit Lab.,

» Operating principle of the module equalization is

almost similar to that of the cell-level.

» Average balancing current of the modules are

calculated by:
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I avg — Y /s 1V T 1r aw 1= ———— .
M1_avg = C fe(Va1 — VM _avg) ( exp( S })

—-D —1
I ave =Cla(Vir ave—Var1) [ 1=ezp(-———) | exp | ——
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4.1 Extended Version of SMC-E for Series-connected Modules
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» Amplitude of average balancing current also depends on the voltage deviation and the

resistance of the circuit.

Energy Conversion Circuit Lab.,
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4.1 Extended Version of SMC-E for Series-connected Modules
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4.1 Extended Version of SMC-E for Series-connected Modules
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4.1 Extended Version of SMC-E for Series-connected Modules
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® Before After

Pattern #8: Module to
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Table 4.2 TEST SETUP ON RTSS FOR SERIES MODULAR EQUALIZATION

Parameters Setup
C & Cq 20481 F
fs 10kH =
Rioop 0.15
Cell specs. 3.6V —2.6Ah
Initial SOC level | Mj: SOC;23 4 =95, 85, 80,70% | Msy: SOCs¢7 8 =85, 75, 70,60%

> Real time simulation is used to assess the performance of module equalization strategy.
» Two modules are tested, each module consists of 4 series connected cells.

» Two proposed equalization strategies are compared with the optimal pairing algorithm for 8S1P string.

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan
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o 4200 ' ' ; 7 : : _ 130 ! S, — S0, sOC,
= 4100 % 90 _: soc, «80C, soc, soc,
@ 2 -
] s 80 ¥ . ; -
$ 4000 S " — — 1
= 70 ASOC =

Eamm i ASOC = 10% S
b= = 60 T
E w

3800 : ' ' : ' 50 - - . . .

] 1 2 3 4 5 0 1 2 3 4 5
Time (h) Time (h)

» Optimal pairing algorithm for 8S1P string requires 5.2h to balance the cells within 30mV of voltage
deviation and 4% of SOC difference.

» Calculated DoSE, DoVE, SR, and SRy, are 84%, 85.6%, 42.3mV/h, and 4.04%/h, respectively.

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan
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» Cell equalization and

16
S > 159 ‘—VMI —VMZ‘ |
£ E1s. AV = 100m Module equalization
g S158¢ 1
E g 5ol = ; - processes are separately
? ; AV =50mV
£ £ 156 1 executed.
=] =]
2 0.5 . 1.5
" lime) ® > After 4.5h, all cells are
equalized within 25mV
_ 100 ‘ \ soc, soc, soc, soc, = 100 | SIOC SoC ‘
g 90\Lsoc6 soc, ——soc, S wt M2 voltage deviation, and 1%
% %
E SOIS‘: ' 2% —— of SOC difference.
< 70 —— —_— < 70F
n n
50 ‘ : ‘ : ‘ 50 : :
0 0.5 1 15 2 25 3 0 0.5 1 15 are 50mV/h, and 4.9%/h,
Time (h) Time (h)

respectively.
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M#1 M#2 M#1 M#2 M#1 M#2

100 100 100

90 \ 90 / \ % < 2

80 80 80

70 70 70

60 60 60

50 50 50

40 40 40

30 30 30

20 20 20

10 10 10

0 0 0
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

Descending Order Convex Order Concave Order

» Autonomous strategy is tested under three different test scenarios to assess the performance and stability.

» The equalization capability and equalization speed are assessed.

wversion Circuit Lab.,

of Electrical, Electronic, and Computer Engineering
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Module #1 Module #2 Module #1 Module #2
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N ‘—Vl —_—V, \E V4‘ N ‘— =Vs = =V Vg == =Yy ~ — = =50C, = =S0C, SOC, == =S0C,
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Voltage Profile SOC Profile
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Voltage Profile of the Cells SOC Profile Voltage Profile of modules
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Oscilloscope

Power Supply

Data logger

MCU and
Analog Circuit

> A prototype of SMC-E for 4S1P battery string is made.
» Two SMC-E are used to assess the cell and module equalization.

» Waveform signal is captured by the oscilloscope while the voltage profile is recorded by a data logger.

wversion Circuit Lab.,

f Electrical, Elec
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Switch-matrix and Gate Driver

Current Sensor

C 2205 uF

R ~ 0.565 Q

circuit

MOSFET NVMFD5485NL dual N-
channel
60V-20A-40mQ

Pulse Trans. Schurter ILR-11-0001

Gatedriver  Microchip TC-4420

Cell Samsung SDI ICR18650-
30A (Megacanon 2.9Ah)

Energy Conversion Circuit Lab.,
Department of Electrical, Electronic, and Computer Engineering, University of Ulsan
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Measure

-
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Voltage Profile Modules
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BlmJi -
BI /N ¢+ Ci= » In IDLE mode, equalization strategy is
e s | R N similar to in Series-connected modules.

| » Module voltages are monitored to detect
the highest voltage module and the lowest

voltage module.

-— » Equalization process between two

n T Cor modules.

Equalization Strategy in IDLE mode

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan
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» By regulating the switching frequency, the branch impedance can be
adjusted.

» The branch current can be managed to balance the energy level of
the modules.

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan
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Table 4.3 TEST SETUP ON RTSS FOR PARALLEL CONNECTED MODULES

Setting
Parameters
IDLE Charging Discharging
# 20488

Duty ratio

45% — Deadtime 5%

Fast f 10k H =
Slow f 1kHz
5o P 0.1582

Battery module

451P module of 18650 cell (3.6V /2.6Ah)

Initial SOC of Module #1~+£4

100, 80, 90, 70%

15, 40, 20, 30%

100, 80, 90, T0%:

(@) pera tion paral leter

=10

CC/CV —4A/16.8V

CC—4A4

Energy Conversion Circuit Lab.,

> Real time simulation is used to assess
the performance of the module

equalization for parallel connection.

» The cells inside each module are
regarded as equalized and only module
equalization is considered.

» Initial SOC levels of the modules are
different in 3 test scenarios.

Department of Electrical, Electronic, and Computer Engineering

niversity of Ulsan
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Equalization during IDLE mode

Energy Conversion Circuit Lab.,

Current waveform of the modules
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Non-IDLE Strategy

Combined Strategy

Only
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Equalization during Discharging mode Current waveform of the modules
» Two strategies are tested:
0 Modules are equalized in IDLE mode (pre-equalization process) before the discharging process is started.

0 Modules are discharged without pre-equalization process.

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering,
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51_1l —_—l, [I— s . )

‘ ) /\/\/\ > Both strategies can equalize energy level of
g3 <s
E B the modules and regulate the branch current.
3 s;/\M} VA WA /\

NANAA Lol el S T 1 — et —i, | > After the modules are equalized, load
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0 Time () Time (1) current is distributed evenly.

»>Without the pre-equalization process,

Q o module #1 is discharged by a higher current
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3 3 4
_ e inrush current is mitigated.
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Voltage Profile during charging mode SOC Profile during charging mode

» Modules are charged without the pre-equalization process.

» After 1.5h, the modules are equalized within 1% of SOC difference and they are fully charged at the same time.

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, Uni



4.3 Conclusion of the Chapter

» The extension of the SMC-E for the module equalization strategy is proposed.
» The configuration of equalizer in series and parallel connected modules are almost similar.

» In series connected modules, the hybrid strategy has a 13.5% faster speed than the single

SMC-E with optimal pairing algorithm.

» The autonomous strategy in Section 4.1 has a slower speed but the process doesn’t require

any sensing circuit.

» Two equalization strategies are proposed for the parallel connected modules to achieve a

high equalization performance.

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan



Agenda

5. Conclusions and Future Works
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5. Conclusion

» This thesis has developed multiple strategies for modular battery energy storage systems in

order to mitigate the inconsistency in the cell-level and the module-level.
» The main objectives are achieved:

0 A novel SMC-E structure is proposed for the cell-level in Chapter 2. An optimal pairing
algorithm is proposed to achieve the highest equalization speed without the co-operation of
the BMIC circuits. Additionally, the design guidance for the switch-matrix structure, gate

driver circuit, and sensing circuit is provided.

0 A unified average model is proposed to accelerate the simulation of the equalizer system
over the long term in Chapter 3. Different topological configurations of the equalizer can be

assessed and compared within a short time.

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan



5. Conclusion

»The main objectives are achieved:

0 SMC-E is extended for the module equalizing feature in Chapter 4. Two equalization
strategies are introduced to simultaneously achieve the equalization levels | and Il. The
hybrid strategy shows a high equalization capability for the cells and modules while the

autonomous strategy can operated without the guidance of any sensing circuit.

0 SMC-E also can be extended for the parallel connected modules. In the IDLE mode, the
energy exchange scheme is used to balance the modules. In non-IDLE mode, the branch
currents are distributed unevenly to balance the energy level of the modules. Once the
equalization condition has been reached, the branch currents are evenly distributed to

minimize the loss.

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan



5. Recommendation for the Future Works

» Besides the work that has been done in this thesis, some unexplored subjects may be

considered as future studies. The potential topics can be suggested as

0 A family of switch-matrix energy tank equalizer (SMET-E) can be developed from the results
of SMC-E. In addition, the other active balancing methods can be combined with the SMC-E

to improve the performance of module equalization.
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5. Recommendation for the Future Works

» Besides the work that has been done in this thesis, some unexplored subjects may be

considered as future studies. The potential topics can be suggested as

0 SMC-E can replace most part of the existing BMIC since it can provide the similar features to

the BMIC.

0 The online voltage monitoring and impedance identification for the cells can be integrated

into the existing hardware of SMC-E.

0 Under the current distribution scheme, the equalization strategy for the parallel-connected
modules has the potential to equalize not only SOC levels but also the SOH levels in the

second-life battery modules.
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5. Recommendation for the Future Works
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1.5 Impact of the Cell-inconsistency
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Uneven current distribution Process is stopped before every cells are fully charged or discharged

» Assess the cells performance in 3S4P battery system, which have different impedance and capacity.
» Cell-inconsistency occurred in both series and parallel connection.

» Uneven current distribution between the branches in parallel connection is more serious.
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2.3 SMC-E: Design Consideration - Gate Driver
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» On-semiconductor NVMFD5485NL dual N-channel form a bi-directional switch, which consists of two back-to-
back MOSFETs.

» The switches S,H and S, L are controlled by a 1:1:1 pulse transformer gate driving circuit.

» Analog circuits are used to extend the PWM signal from MCU.
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4.1 Extended Version of SMC-E for Series-connected Modules
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» Although the voltage deviation is similar, V. = Vi

avg — N Z fk 2 N

the moved energy after equalization o= drotat_tem =) _ |doil;
n=1

process in 2 cases are different. dpr = Vok_init — Vok_afters
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4.1 Extended Version of SMC-E for Series-connected Modules

Table 4.1 VOLTAGE LEVELS OF THE CELLS (mV)

equalization time.

Energy Conversion Circuit Lab.,
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Qiotal 1

Cell #1 | Cell #2 | Cell #3 | Cell #4 | Cell #5 | Cell #6 | Cell #7 | Cell #8 | Vi, | AV
Initial #1 11710 000 S0 a803.7 - - - - 3085.33 | 306.3
Exp. #1 10 1000 3067 96T - - - - 3UED.D 11
dy, in #1 | 162 0 50.4 103.3 : - : :

Initial #2 | 4170 1066 3940 3026 3947 3800 3875 3863.7 | 3950.71 | 306.3
e in #2 | 210,288 | 106.288 -19.72 0 15 127125 4. 72 8. T125 96.0125
» A higher total moved energy requires a longer
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4.1 Extended Version of SMC-E for Series-connected Modules
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» A higher total moved energy requires a longer equalization time.
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Battery Configuration in Telecom. and Data-center
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1. End of first life
When the battery rataims 7(0-

e YOO O BU% of 16 capacity,

> il 2. Collecting
/ Battenes are extracted, collected,
and sent to diagnosis canter.

3. Refurbishing

Cells are tested and classified for \
2% ife application. 4, Reusing

Hefurbished battery cells are used in
l BESS to provide the services to the

grid

Fig. 1.4 Life eyele and seconds-life battery concept.

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan

Second-life Battery
Application

» Battery Pack of EV must be replaced when the
SOH is lower than 80%.

» We can re-use the retired battery pack for the
BESS application, which is called second-life
battery application.

» SL-BESS is a good candidate for the grid-tiered

power system or renewable energy system.



Aging Pattern and the Cell-Inconsistency Probability
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Fig. 1.7 Experimental setup for the aging assessment.
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Modularized Structure of the BMS

Table 2.1 COMPARISON OF BMIC FEATURE.

Manufacturer Muodel No, of Channel Balancing Communication Measuring error | Temp. sensing channel
AD LTCG804 12 Passive Daisy Chain Iso-SP1 1.2mV 2
AD LTCG811 12 Passive & Active Daisy Chain Izo-SP1 . 2mV 2
[rafrrecn LLESO12DQU 12 Prassive so-UART T8my 3
8T LY9G9G3E 14 Passve [=o-UART ImV 7
TI bqTEPL455A-01 16 Passive & Active [sa-TTART JmV 8
MAX MAXI1ITRZIB 12 Prassive Daisy Chain Iso-UART SV 2
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Equalizer Classification

Table 2.2 CLASSIFICATION OF BATTERY EQUALIZERS

Ref. Structure Equalization Scheme Target Objects Control Technique
[61],[34] Switched Resistor Dissipative Individual cell Governed
[29] Shunt MOSFET Dissipative Individual cell Governed
[15] Multiple Converters Regenerative Individual cell Governed
[19] Switch-matrix and Converter Regenerative Direct pack to cell Governed
[33].[36], [13] Multi-winding or Multiple Transformer Regenerative Any-cell to any-cell Autonomois
[28], [47] Switched Inductor Regenerative Adjacent cells Autonomots
[65] Switch-matrix and Inductor Regenerative Direct any-cell to any-cell Governed
[46] Switched Capacitor-Classical Structure Regenerative Adjacent cells Auntonomons
[4] Switched Capacitor-Double-tiered Structure Regenerative Adjacent cells Autonomaons
[27] Switched Capacitor-Chain Structure Regenerative Adjacent cells Autonomons
[57] Switched Capacitor-Star Structure Regenerative Any-cell to any-cell Autonomonus
[63] Switched Capacitor-Reconfiguration Regenerative Adjacent cells Antonomons

[66]. [38], [58]

Switched Resonance Structure

Regenerative

Anv-cell to amy-cell

Autonomous
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Equalizer Classification - Active Methods
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Fig. 2.3 Energy regenerative scheme group - Converter & Transformer type: (a) Individual
converter; (b) Switch-matrix converter: (¢) Individual transformer: (d) Multi-winding trans-

former.
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Topology Evolution - UA model for Long-term Simulation
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» Switched-energy-tank equalizers (SET-Es) show superiority than the other methods in terms of simplicity,
volume, and cost.

» The common topology configurations adopt autonomous and governed control strategy.
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Use Case Application for Equalizer Design
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FIGURE 11: SOC profiles of the cells by: (a) SI-E: (b) SC-E: (¢) SR-E: (d) SMSC-E.
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Use Case Application for Equalizer Design
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FIGURE 12: Power loss profiles of the cells by: (a) SI-E; (b) SC-E; (¢) SR-E; (d) SMSC-E.
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Modular Structure of Equalizer
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» The modular equalization system is divided into multiple SMET-E units.

» Two additional switches are added to the SMET-E unit for modular equalization.

» When P1 and P2 are on, the energy tanks of the SMET-E units are connected in parallel

Energy Conversion Circuit Lab.,

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan



Use Case Application for Equalizer Design
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» Equalizers must be tested under various scenarios of initial energy distribution to assess the performance
stability.

» Various evaluation criteria are considered during the development of a equalizer.
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3.2 UA-Model Based Simulation - Performance Assessment

MO )

St v W

.7 Wi, < axs F

1t

(1K} Fouvnibim dme: 45

L] - o r
1k nE 1 L5 |

Sirmslation Thine (hi

i Sl | L I L ik SO
L]
|
g 07} S s, “RLE ¥
¥ “""“--..__...._
s | Fouvnulion fime: 456
4
1} 8.z 1 L5 1
Sinmlation Time (0
LI AL LT o S04
I' =
] T
] .—.. i L..‘.._,..-.'.:-+.‘:I'|||----— ......
'53 T ROC,, <Aty ¥
o
.5 Exviuskin diie: 454
ot 1l L= 1 L& 1
Simulation Time (h)
Performanceis A e
HHECE SECh ST L]

reduced.

Sl . A
SO %)

Energy Conversion Circuit Lab.,

TR T

s Faerwiion e 45
il 05 1 15 1

Simulation Time {h)

SI-E

S0HC4 oLB LN | Ll M4 L | M2 LUE |
. I . N -
1 SO0, o BLE [ S0, - B3
] e — % ;‘ 0.9 1 "
FITTTrTTT F LTI e S LR P e S e
AN Wit 07 T A= iis 0.7 S 1
(Lt B X v LX) et
s Euvvuiimn flom: bily (K] Eovvvutimm flom: by s Enmeatien lnie: s
Mo 1 1s 2 25 3 Mo a5 1 13 3 15 3 Mo s 1 135 31 Iz 3
Siemlaticn Tinse (k) Sirmulation Time (ki Himnilation Timsc (hj
L ROCL KB W SiC2 L LA BMCY S
1.1 | 1.1
1 WO BLS
0 — g
L[] . 2m2
::; [ T A= ik L k= i,
L5 Eneruliom diome: i 0z Evvvudbin fime: ifh 03 Fuormiinn tamc iy
¥ L - : 1 04 — [T} -
L] (%] 1 | -] i 1% ¥ 1] L5 I L5 1 15 i ] 1] 0.5 I 15 1 15 3
Bimulnfion Time () Simulation Time (b} Simulaiion Time (hi
- LN RO { S o Wl S0C2 ) L - =M BIMIY S
il L TR [ I RN, & KLE | I B, LA
] g
L[] — ! ] !
1.7 f= T T 0.7 T T 0T | HEC ST
LK e L] * [ K] v
.5 Earrr i Sl A% L%} Exianidhin e By i Eiocitiel i il
4 e — - - (K] - - - - .4 - -
] 05 1 15 1 15 3 1] L5 | I5 1 IS5 3 L] aE I L5 1 15 3
Simlating Time {hj Sitmlaibon Time {h) Simuladion Time k)
1 | L Wik 4 LI | iR Likid LTaI N Wiar 2 Liaitd
i1 KIHCS L] BLRCT L} L1 Ll SOLH L4 L SR L1 SIS RICH SHCT L]
t i RONCL, & THTS% 1 BN, = THTEY,
iy —— —» 9] ; ",
e
o3 3 b A= i
ki 1] .6 v
s E-teruilin: Ui 6 iL: Fumrariion lime: i 3 Foueeuibus lime: dik
] | k4 4t !
¥ LS I [ 1 15 L] ] a5 I LS Fi 1.8 3 ] 05 1 LS 2 15 i

Sbtimalation Time (b}

SC-E

Department of Electrical, Electronic, and Computer Engineering, University of Ulsan

Stmmlation Time (h)

SR-E

Simulotiien Timeo { )

SMC-E

Influence of the
cell number exists
butitis less than
that of the other

equalizers.




	PhD-thesis-final-20175308.pdf (p.1-183)
	Table of contents
	List of figures
	List of tables
	1 Introduction
	1.1 Battery Configuration in EV and BESS
	1.2 Cell-Inconsistency and its Impact on the Performance of the Cells 
	1.2.1 Cell-Inconsistency in Series Connection
	1.2.2 Cell-Inconsistency in Parallel Connection
	1.2.3 Hardware Test Datasets for Cell-inconsistency

	1.3 Overview of Battery Management System in EV and BESS
	1.4 Battery Equalizer
	1.4.1 Dissipative Energy Schemes
	1.4.2 Regenerative Energy Schemes I - Converter Type
	1.4.3 Regenerative Energy Schemes II - SET-E Types

	1.5 Battery State Estimation and Monitoring
	1.6 Performance Indices for Battery Equalizer
	1.7 Level of Equalization for the Battery System
	1.8 Problem Identification
	1.9 Objectives and Contributions of the Thesis
	1.10 Outlines of the Thesis

	2 Switch-Matrix Capacitor Equalizer for Cell Equalization
	2.1 Proposed Switch-Matrix Capacitor Equalizer
	2.1.1 Topological Configuration and Equalization Principle
	2.1.2 Optimal Pairing Algorithm for Equalization Strategy

	2.2 Optimal Design Consideration for the SMC-E
	2.2.1 Switching Frequency and Equalization Capacitance
	2.2.2 Balancing Capacitance and Capacitor Size

	2.3 Experimental Verification 
	2.3.1 Design Verification
	2.3.2 Performance Assessment

	2.4 Conclusion of the Chapter

	3 Novel Simulation Techniques for the Performance Assessment of SET-E in Long-term Operation
	3.1 Real Time Simulation System
	3.1.1 RTSS Platform
	3.1.2 Performance Verification

	3.2 Unified Average Model based Simulation
	3.2.1 UA-model: Operating Principle
	3.2.2 Performance Comparison by UA-model
	3.2.3 Design Assessment by UA-model


	4 Switch-Matrix Capacitor Equalizer for Module Equalization
	4.1 Extension of the SMC-E for Series-connected Modules
	4.1.1 Extension of SMC-E for Series-connected Modules
	4.1.2 Equalization Speed vs. Number of Cells
	4.1.3 Module Equalization Strategy for the Series-connected Modules
	4.1.4 Hybrid Control Algorithm Between the Cell and Module Equalization
	4.1.5 Design Consideration
	4.1.6 Performance Verification

	4.2 Extension of SMC-E for Parallel-connected Modules
	4.2.1 Conventional Structure
	4.2.2 Proposed Equalization Strategy for Parallel-connected Battery Modules
	4.2.3 Performance Verification

	4.3 Conclusion of the Chapter

	5 Conclusions and Future Works
	5.1 Conclusions
	5.2 Future Works

	References

	Thesis Defense-v01-221115-eccl-halp.pdf (p.184-297)
	Slide 1:  Switch-Matrix Active Equalization Strategies for Modular Battery Energy Storage System
	Slide 2: Agenda 
	Slide 3: Research Objectives
	Slide 4: Agenda 
	Slide 5: 1.1 Battery Packing and the Inconsistency
	Slide 6: 1.2 Aging Pattern and the Cell-Inconsistency
	Slide 7: 1.3 Cell-inconsistency in Series Connection
	Slide 8: 1.4 Cell-inconsistency in Parallel Connection
	Slide 9: 1.6 Modular Structure of the BMS
	Slide 10: 1.6.1 Equalizer Classification – Passive Methods
	Slide 11: 1.6.2 Equalizer Classification – Active Methods
	Slide 12: 1.7 Problem Identification
	Slide 13: 1.7 Problem Identification
	Slide 14: Agenda 
	Slide 15: 2.1 SMC-E: Topology Configuration and Operation Principle
	Slide 16: 2.1 SMC-E: Topology Configuration and Operation Principle
	Slide 17: 2.2 SMC-E: Optimal Pairing Algorithm
	Slide 18: 2.2 SMC-E: Optimal Pairing Algorithm
	Slide 19: 2.3 SMC-E: Design Consideration – Loss Assessment
	Slide 20: 2.3 SMC-E: Design Consideration – Capacitance vs. Switching Frequency (D1=D2=0.45)
	Slide 21: 2.3 SMC-E: Design Consideration – Capacitor Size
	Slide 22: 2.3 SMC-E: Design Consideration – Switch Matrix
	Slide 23: 2.3 SMC-E: Design Consideration – Current Sensing Method
	Slide 24: 2.4 SMC-E: Performance Verification – Design Assessment
	Slide 25: 2.4 SMC-E: Performance Verification – Design Assessment
	Slide 26: 2.4 SMC-E: Performance Verification – Optimal Pairing Algorithm
	Slide 27: 2.4 SMC-E: Performance Verification – Experiments Setup
	Slide 28: 2.4 SMC-E: Performance Verification – Equalization
	Slide 29: 2.5 Conclusion of the Chapter
	Slide 30: Agenda 
	Slide 31: 3.1 Real Time Simulation
	Slide 32: 3.1 Real Time Simulation – Description
	Slide 33: 3.1 Real Time Simulation – Accuracy Comparison with Hardware
	Slide 34: 3.1 Real Time Simulation – Equalization Performance Assessment
	Slide 35: 3.1 Real Time Simulation – Equalization Performance Assessment
	Slide 36: 3.1 Real Time Simulation – Equalization Performance Assessment
	Slide 37: 3.2 Unified Average Model Based Simulation
	Slide 38: 3.2 Unified Average Model Based Simulation
	Slide 39: 3.2 Unified Average Model Based Simulation
	Slide 40: 3.2 Unified Average Model Based Simulation - Implementation
	Slide 41: 3.2 Unified Average Model Based Simulation - Implementation
	Slide 42: 3.2 UA-Model Based Simulation – Accuracy Comparison with RTSS
	Slide 43: 3.2 UA-Model Based Simulation – Accuracy Comparison with RTSS
	Slide 44: 3.2 UA-Model Based Simulation – Accuracy Comparison with RTSS
	Slide 45: 3.2 UA-Model Based Simulation – Accuracy Comparison with RTSS
	Slide 46: 3.2 UA-Model Based Simulation – Performance Assessment
	Slide 47: 3.2 UA-Model Based Simulation – Performance Assessment
	Slide 48: 3.2 UA-Model Based Simulation – Performance Assessment
	Slide 49: 3.2 UA-Model Based Simulation – Performance Assessment
	Slide 50: 3.3 Conclusion of the Chapter
	Slide 51: Agenda 
	Slide 52: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 53: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 54: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 55: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 56: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 57: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 58: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 59: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 60: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 61: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 62: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 63: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 64: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 65: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 66: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 67: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 68: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 69: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 70: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 71: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 72: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 73: 4.1 Extended Version of SMC-E for Series-connected Modules
	Slide 74: 4.2 Extended Version of SMC-E for Parallel-connected Modules
	Slide 75: 4.2 Extended Version of SMC-E for Parallel-connected Modules
	Slide 76: 4.2 Extended Version of SMC-E for Parallel-connected Modules
	Slide 77: 4.2 Extended Version of SMC-E for Parallel-connected Modules
	Slide 78: 4.2 Extended Version of SMC-E for Parallel-connected Modules
	Slide 79: 4.2 Extended Version of SMC-E for Parallel-connected Modules
	Slide 80: 4.2 Extended Version of SMC-E for Parallel-connected Modules
	Slide 81: 4.2 Extended Version of SMC-E for Parallel-connected Modules
	Slide 82: 4.3 Conclusion of the Chapter
	Slide 83: Agenda 
	Slide 84: 5. Conclusion
	Slide 85: 5. Conclusion
	Slide 86: 5. Recommendation for the Future Works
	Slide 87: 5. Recommendation for the Future Works
	Slide 88: Publications – Journal Papers
	Slide 89: Publications – Registered Patents
	Slide 90: Publications – International Conference (7 for first author)
	Slide 91: Publications – International Conference (7/12 for first author)
	Slide 92: Publications – International Conference (7/12 for first author)
	Slide 93: Publications – Domestic Conference (5/7 for first author)
	Slide 94: Publications – Domestic Conference (5/7 for first author)
	Slide 95
	Slide 96: 5. Recommendation for the Future Works
	Slide 97: 1.5 Impact of the Cell-inconsistency
	Slide 98: 2.3 SMC-E: Design Consideration – Gate Driver
	Slide 99: 4.1 Extended Version of SMC-E for Series-connected Modules 
	Slide 100: 4.1 Extended Version of SMC-E for Series-connected Modules 
	Slide 101: 4.1 Extended Version of SMC-E for Series-connected Modules 
	Slide 102: Battery Configuration in EV and BESS
	Slide 103: Battery Configuration in Telecom. and Data-center
	Slide 104: Second-life Battery Application
	Slide 105: Aging Pattern and the Cell-Inconsistency Probability
	Slide 106: Modularized Structure of the BMS
	Slide 107: Equalizer Classification
	Slide 108: Equalizer Classification – Active Methods
	Slide 109: Topology Evolution – UA model for Long-term Simulation
	Slide 110: Use Case Application for Equalizer Design
	Slide 111: Use Case Application for Equalizer Design
	Slide 112: Modular Structure of Equalizer
	Slide 113: Use Case Application for Equalizer Design
	Slide 114: 3.2 UA-Model Based Simulation – Performance Assessment


